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Impurity-induced disordering seems to be a general phenomenon affecting all III-V materials. 
This paper reviews this phenomenon. Before the available data on impurity-induced 
disordering is discussed, the diffusion mechanisms for the dopants are briefly reviewed, and 
for silicon-doped material a more detailed discussion is provided because of its technological 
importance. Moreover, there has been no critical review of the recent progress in silicon 
diffusion mechanisms. In zinc-diffused multi-quantum wells and superlattices the mechanism 
for the enhancement of the interdiffusion seems to be primarily by the fast diffusion of group 
III interstitials whose concentration has been significantly increased over their equilibrium 
value by the diffusion of the dopant. For silicon impurity-induced disorder the situation is less 
clear. However, it is certain that the effect of the position of the Fermi level on the native 
defect concentrations plays a significant role in the disordering mechanism. The study of the 
other dopants which cause diffusion-induced disordering is tess advanced. For n-type dopants 
there is an argument which suggests that they all have a common cause, namely the increase 
in the group III triply charged vacancy which is caused by the increase in the Fermi energy. 
This will be explored in this review. A brief discussion of ion implantation-induced disordering 
is aIso provided. This essentially provides a bibliography of the past work in this field, tt is 
clear, for at least one dopant, that there needs to be some damage to the crystal before the 
enhancement of the interdiffusion occurs. However, for other dopants too much damage 
reduces the enhancement of the intermixing. 
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1. In t roduct ion  
it has been known for a long time that the self- 
diffusion of group III  and group V atoms in II[  V 
semiconductors is slow when comparcd with the dif- 
lhsion of other dopants. With the advent of modern 
epitaxy techniques, the slow self-diffusion has enabled 
the growth of abrupt junctions of differing semicon- 
ductors. For  example, single crystals containing layers 
of GaAs and AlAs can be grown. The width of these 
layers can be as small as one tnonolayer or as large as 
the grower wishes. This has therefore provided device 
engineers with a new dimension in the designing of 
novel electronic device structures. The band gap with- 
in a crystal can be changed locally so that thc per- 
formance of a dcvicc cai~ be optimized. One example 
of this is the modulat ion-doped field-effect transistor. 
In this device, the discontinuities in the conduction 
band or valence band arc used to obtain a two- 
dimensional electron or hole gas. This two-dimen- 
sional carrier sheet is removed spatially from the 
donor  or accepter dopants  and, therefore, the carrier 
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Hgurel Bevel section of zinc-diffused GaAs-Alo.v vGa0.a ~ As super- 
lattice (1~ 4.5 nm~ L~ = 15 rim) performed at 575~C ior l0 rain. 
The diffusion has been performed through a 10 pm stripe opened up 
in a Si3N,~ diflhsion mask. This clearly shows the intermixing 
associated with the diffusion of the zinc (aRer Laidig e~ aL [2]). 
(Reproduced with the permission o[" the American Institute of 
Physics.) 

mobility, in these devices is greater than that of the 
bulk material since the electronic scattering by impur- 
ity atoms has been minimized.. 

Owing to ' the  low diffusivity of the group III and 
group V atoms, the structures briefly describcd abovc 
are remarkably stable tO heat treatment. For  example, 
a 2 lam superlattice consisting of layers of GaAs and 
AlAs, each layer being 50 nm thick, only shows a slight 
degradation of the interface between the layers, after a 
700°C 17 h thermal anneal [t] .  In 1981 Laidig et at. 

[2], while attempting to dope a superlattice P type by 
diffusing zinc into it, discovered by accident an effect 
now known as impurity-induced disordering (IID). 
Wherever the zinc had diffused the interdiffusion of 
tire layers had significantly increased. This is clearly 
shown in Fig. 1 which shows a bevel section of a 
sample which has been zinc-dilfuscd for I0 mm at 
575°C through an opcning in a diffusion mask. 
Whercver thc zinc has diffused the resulting material is 
a ternary alloy whose composition is the average of 
the snperlattice. 

The use of this effect in optoelectronics was immedi- 
ately recognised. By sclcetively disordering a super- 
lattice lateral changes in refractive index can be 
achieved and optical waveguides manufactured. This 
use has led to the current high level of interest in 
impurity-induced disordering. Since thc first discovery 
of the effect in zinc-diffused GaAs GaA1As super- 
lattices, many other dopants have been found to cause 
it. Perhaps one of the most important technologically 
is silicon. In addition, the effect has bccn seen in other 
III-V superlattice systems, such as InGaAs InP, and 
so appears to be a general effect associated with [II-V 
superlattiees. Also, the enhancement of the intcrdif- 
fusion may affect either or both sublattices. This paper 
concentrates on attempting to review the mechanisms 
underlying the effect. However, before discussing these 
in more detail, there are several points to raise. 

There must bc a close relationship between the 
diffusion mechanisms of the dopants in the binary, or 

ternary alloys and the disordering mechanism. The 
two cannot be unconnected and there should be no 
discussion of either topic without reference to the 
other. The mechanism assigned to the diffusion of a 
dopant in the ][I-V semiconductor must explain dir- 
ectly or indirectly the impurity-induced disordering 
effect. This review gives only an insight into the dif- 
fusion mechanism of a particular dopant. For a more 
detailed discussion of the topic the reader is directed 
to the book written by Tuck [3]. The exception to this 
is the diffusion of silicon in GaAs. In the last few years 
a substantial amount of work on the diffusion mech- 
anisms of silicon has been reported. This work was not 
reviewed by Tuck [3] and so a detailed critique is 
given here. 

In the following sections the effect of diffusing dop- 
ants into different superlattice systems is described. 
The GaAIAs system is the only superlattice which has 
been extensively studied, and so in the underlying 
discussions it will bc treatcd first. If any other work on 
other systems has been reported it will be discussed 
afterwards. Preceding all the discussions on the super- 
lattices the diffusion mechanisms which occur in tern- 
ary and binary compounds will be revicwed brielly. 

2. Thermal annealing of nominally 
undoped ilI-V superlattices 

2.1. GaAs A lAs  
The thermal interdiffusion of GaAs GalA1 t_~As has 
been studied extensively [4-31]. Thc usual experi- 
mental method of investigating the degree of inter- 
mixing has been photoluminescence. To obtain a 
figure for thc interdiffusion coefficient Fick's law is 
usually assumed, and the diffusion coefficient is as- 
sumed to be independent of the concentration value 
even though early work showed that a concentration- 
dependent interdiffusion coefficient was necessary 
[4, 5]. The close relationship between interdiffusion 
and self-diffusion cannot be forgotten. For  GaAs, 
there is a small amount of self-diffusion data [6-8]; 
however, for the ternary Al~Gal_x.As and AlAs no 
such data are available. The connection between self- 
and interdilrusion was recognised by Tan and G6sele 
[9] who plotted on the same Arrhenius diagram the 
available data for gallium self-diffusion in GaAs with 
the availathle interdiffusion data of the OaAs-AIGaAs 
system. In addition, they plotted data derived from the 
silicon work of Met et at. [10]. The three sets of data 
appear to lie on the same straight line which is given 
by 

- 6 e V  2 
D•=, = 2 .9 x l 0 8 e x p  k b ~ c m  s 1 (1) 

From the work of Met et at. [10], Tan and G6sele 
[9, 1 1] concluded that the enhancement of the gallium 
diffusivity under silicon and intrinsic doping is gover- 
ned by a triply negatively charged gallium vacancy. 
The large difference between the intcrdiffusion coeffi- 
cient of the intrinsic nmlti-quantum well structures 
and the silicon/doped multi-quantum well structures 
is accounted for in this model by thc increased solubil- 
ity of the VG~ in n-type material (see section 6 below). 
Since the process used to explain the interdiffusion 
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Figure 2 Arrhenius plot of the interdiffusJon coefficient of 
AIGaAs GaAs. The data used come from the work of Guido et al. 
[13], Chang and Korea [4], Fleming et al. [5], Schleslinger and 
Kuech 1-29]~ Ralston,e[ al+ [313 and Hsieh er al. [17]. Equation 1 is 
represented by the line; (11) sample capped with SIN:,, ( ~ ) n o  cap, 
(,,V) SiO: cap. 

depends on the electron concentration and not the 
dopant species this explanation should be applicable 
to all n-type dopants. 

In the analysis described above, interdiffusion data 
are available for temperatures onty in the mid-range 
(800-1000 °C). At low temperatures [650-900 °C) the 
data derived from the work of Met et al. have 
been  used :and at high temperatures (1006 1200°C) 
the Ga self-diffusion data have been employed, If only 
the interdiffusion data are used then large discrepan- 
cies between the independent sets of data can be seen 
(Fig. 2). At some temperatures (for example 850 ~C), 
there are approximatelY three orders of magnitude 
variation in the value of the interdiffusion coefficient 
obtained. It follows that data at higher and lower 
temperatures are needed to obtain a more reliable 
value for the  activation energy. Tan and G6sele later 
remarked [12] that the agreement between the self- 
diffusion data and the interdiffusion data was prob- 
ably coincidental. 

The picture has not become clearer with the passing 
of time. It is now known that the type of capping layer 
used in thermal annealing experiments critically 
affects the interdiffusion of the layers. Moreover, the 
ambient arsenic-overpressure additionally affects the 
interdiffusion. (This explains some of the discrepancies 
highlighted in Fig. 2. The dots indicate results ob- 
tained with an SiN~ cap, whilst the Open squares and 
open triangles represent data obtained with no cap 
and a SiO 2 cap, respectively). 

Guido er al. [13] showed that thc interdiffusion 
coeilicient underneath an SiN~ capping layer was 
significantly less, by almost an order of magnitude, 
than that underneath a SiO 2 cap. Moreover, they 
observed that the interdiffusion coefficient of the un- 
capped samples, derived from their photolmnin- 
eseence results, varied with the arsenic vapour pre- 
ssure over the sample. This effect is clearly seen in 
Fig. 3. The increase in the interdiffusion coefficient 
with arsenic pressure at high arsenic pressures was 
assigned to the diffusion of Vc~ from the surface, 
whereas the increase in the interdiffusion coeiIicicnt 
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Figure 3 lnterdiffusion coefficient as a function of As+ pressure: (111) 
data of Guide el aL [13], (~1 data of Euruya et aL [14]. 

with decreasing arsenic overpressure at low arsenic 
pressures was assigned to the increase in I¢+, concen- 
tration at the surface. This observation was confirmed 
by Furuya er aL [14] who also observed that the 
photoluminescencc efficiency decreased with increas- 
ing arsenic overpressure, 

If the explanation of the above effect is correct then 
the interdiffusion coefficient should be depth-depend- 
ent. Indeed this has been found to be the case [15, 16]. 
The depth dependency is clearly illustrated in Fig. 4a 
which shows the effect of annealing, for 3 h at 1000 °C, 
a superlattiee structure consisting of 20 layers of 
GaAs, 50 nm thick, sandwiched between 21 layers of 
AlAs, also 50 nm thick. The topmost layers of the 
structure are intermixed whilst those deeper in the 
crystal show little or no intermixing. Fig. 4b shows a 
piece of the same wafer annealed at the arsenic dis- 
sociation pressure for the same period of time. In this 
case the intermixing is uniform and there is very little 
interdifl+usion of the layers. These results seem to be in 
conflict with the findings of Guido et  al. [13] and 
Furuya et al. [+14]~ This discrepancy could be caused 
by the two different methods used to a.~sess the inter- 
mixing of the layers. Baba-Ali et aL 1-16] used. an 
optical microscope to visually inspect bevelled sec- 
tions and in addition the++ performed their experi- 
ments with relatively thick layers, whereas Guido et  al, 
[-15] used photoluminescence which necessitated 
a narrow single quantum well. Perhaps more import- 
a ntly, the two sets of experiments were performed with 
significantly different annealing conditions. Guido 
et  aI.'s experiments were undertaken at 825 JC for 25 h 
whilst those of Baba-Ali et ag. were carried out at 
1000 °C for 3 h. 

To contuse the situation further, Guido et al. [15] 
have more recently investigated the interdiffusion of a 
lightly p-doped quantum welt. It was found /ha l  the 
interdiffusion of the well was independent of the ar- 
senic overpressure. Moreover, Baba-Ali et al. [[6] 
predicted the amount of interdiffusion from Equation 
1 and found that it was significantly more than the 
observed intermixing in the deepest parts of either 
Fig. 4a or Fig. 4b. This is not surprising since the types 
of capping layer, depth and grown-in vacancies Will all 
affect the interdiffusion coefficient. The allocation of 
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Figure 4 Effect of annealing ~ superlatlice structure for 3 h a~_ 1O00 °C with an As overpressures of(a) 0.4 arm and (b) dissociation pressure 
(after Baba-Ali et aL E16])~ 

one constant  value for the intcrdiflusion coefficient is 
therefore flawed. 

Recently several authors [18 21] have suggested 
that  at a part icular temperature there is a range of 
interdiffusion coelficients. The phase diagram of GaAs 
shows that GaAs  e~:ists over a range of stoichiometry, 
that  is over a range of equilibrium values of  Vc~, V•,, 
I~. and Ia,. Since one or more  of  these point  defects 
arc responsible for the interdiffusion of GaAs and 
GaAIAs, it is therefore not  unreasonable  to assume 

4 

that  the interdiffusion coefficient will also have a range 
of  values depending on the crystal stoichiometry. 

The variation of the measured interdiffusion coeffi- 
cient with arsenic overprcssure leads to the conclusion 
that  two point defects are responsible for the intrinsic 
interdiffusion in GaAs GaAIAs. The proposed defects 
are V ~  and I ~  + (in general it is the group I I I  vacancy 
and interstitial). Moreover ,  Tan  et  al. [21] have de- 
rived expressions for the interdiffusion coefficient via 
both  point defects when there is i a tm of arsenic 
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overprcssure and when the surface is gallium-rich. 
These are plotted in Fig. 5. It  can be seen from "this 
diagram that under As-rich conditions (1 a tm of ar- 
senic overpressure) the dominant  interdiffusion mech- 
anism is Vg~. However,  under Go-rich conditions the 
interdiffusion, at low temperatures, occurs via I ~  + 
changing over to V~,7 at around 1000 °C. The work of 
Tan et aL [21] is in agreement with the experimental 
results of Hsieh et  al. [17] but not with the arsenic-rich 
results of Olmsted and Houdc-Wal ter  [22].  The 
theory predicts that the intermixing for samples which 
had a gallium-rich surface should have smaller inter- 
diffusion coefficients than those samples which were 
annealed under 1 a tm of A s  4. This is observed experi- 
mcntally in both sets of results (Fig. 5). The dis- 
crepa~lcy between the measured values and the 
theoretical ones is not acceptable to a device engineer 
who may wish to model the intcrdiffusion process so 
that a good estimate for the annealing conditions can 
be made. Before moving on, it should be noted that the 
use of different capping layers to achieve differcnt 
levels of intermixing has been successfully applied to 
the manufacture of optoelectronic devices [23, 24]. 

2.2. I nGaAs-lnAIAs 
In the lattice-matched InGaAs lnAlAs system one 
only expects an interchange of gallium and aluminium 
atoms since the In concentration is approximately 
constant. In addition, the system should remain ap- 

T A B L E  I Compar ison  of intcrdiffusion coefficients for the 
InGaAs- lnAIAs  a~d GaAs-AIGaAs  sys'tcms. The range of inter- 
diffusion coefficients for the GaAs-AtGaAs  system is taken from 
Fig. 2 whilst the interdiffusion data for the InOaAs InA1As system 
are taken from Seo et aI_ [32] 

Oi= , (cm 2 s L) 

Temperature  lnGaAs-InAlAs  GaAs-AIGaAs 
(oc) 

750 3 × 1 0  -16 ~ 1 0  :? 
800 1.1 x 10~ J ~ 10- ~ ~ 1 0 - 1  
850 3 .0x lO  l~ 10-1~ 10-16 

proximately lattice-matched even when there is an 
interchange of gallium and aluminium atoms. Seo 
et  aI. [32] observed the intermixing of the InGaAs 
barriers and InA1As wells by photoluminescence. The 
energy shift of the photoluminescence line arising from 
the well was towards higher energy, indicating that 
interdiffusion of the gallium and the aluminium atoms 
was occurring. The intcrdiffusion coefficients obtained 
from their results were several .orders of magnitude 
greater than those obtained for the AlAs GaAs sys- 
tem. This can be seen clearly in Table I which 
compares the interdiffusion coefficients of the 
InGaAs InAlAs system and the GaAs-GaA1As sys- 
tem. However, the actual values obtaincd should be 
treated with caution since the intcrdiffusion coefficient 
obtained varied with time, indicating that the model 
they used to derive the interdiffusion coefficient is 
invalid. The interdiffusion of InGaAs InA1As there- 
fore cannot be described by a single diffusion 
coefficient. This may be due to two reasons: the inter- 
diffusion coefficient may depend on the concentration 
of the aluminium (as in AIGaAs-GaAs)  or a defect 
may be diffusing from the surface causing the inter- 
diffusion coefficient to vary with time. in the latter 
explanation the most probable defect will be a group 
I I I  vacancy. 

To confuse the situation there have been scveral 
reports of indium diffusing into thc barriers. This effect 
was first observed by Baird et  al. [33] who annealed a 
single 100 nm layer of IuGaAs sandwiched between 
two layers of InA1As. Their results are shown in Fig. 6. 
This shows an increase in the indium signal on the 
InGaAs  side of the two interfaces. This effect was 
explained in terms of the different diffusivities of the 
gallium and aluminium and the need for the sample to 
maintain I I I - V  stoichiometry. In samples which have 
been studied by photoluminescenee one would expect 
this effect to manifest itself as a red shift in the 
photoluminescence line. This has been observed in 
In0.5 aGao.27Alo.20As-lno.s3Gao.,TAs multi-quantum 
well structures [34]. There is at present no satisfactory 
explanation why sometimes one sees a blue shift 
(gall ium-aluminium interdiffusing) in the photo- 
luminescence peak and at other times a red shill 
(gallium and indium interdiffusing). The most likely 
explanation is the effect of residual stress, and stress 
causcd by different masks. 

A high-resolution electron microscopy study of the 
interdiffusion of InGaAs- lnAlAs  superlattices latticed 
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performed instead of the one 15 s anneal a ditl~rence in 
the photon energy of the photolumincscence coming 
from the capped and uncapped regions was observed 
[36]. 

matched to l n P  has been performed by Mallard e ta l .  
[-35]. They estimated thc amount of interdiffusion 
from looking at the micrographs obtained under 
(2 00) diffraction conditions and by energy-dispcrsive 
X-ray analysis. They also observed out-diffusion of the 
indium from the InAIAs barriers into the tnGaAs welt. 
This was also coupled with the asymetrical diffusion of 
the gallium and aluminium. These results seem to 
provide further evidence for the explanation given by 
Baird e t a l .  [33]. 

It should be reiterated that the explanation of Baird 
et aL does not explain why one sometimes observes a 
red shift and others a blue shift. It does, however, 
explain why one could obtain a red shift. 

The effect of capping the InGaAs-lnAIAs with 
different materials has been investigated. Both SiNx 
[36] and SiO2 have been used [37, 38]. Initial results 
of C h i e t  el. [37] indicated that there was less inter- 
mixing under an SiO2 cap than in the areas which 
were not capped. However, in later studies the oppos- 
ite was observed [38]. The SiO z fihns used in these 
two experiments were deposited in slightly different 
ways. In the first, the SiO2 Was deposited by r.f. 
sputtering whilst in the second it was deposited by 
electron beam evaporation. In addition different an- 
nealing conditions were used. Further investigation by 
sccondary ion mass spectroscopy (SIMS) of the inter- 
diffusion under the electron beam-deposited SiO 2 
found that there was a significant amount of silicon 
and oxygen diffusion. It was therefore postulated that 
the intermixing was due to the diffusion of the silicon 
rather than solely to the heat treatment. 

For SiN~ capping, after one rapid thermal anneal 
for 15 s at 850 ~C, the intermixing under the SiN~ cap 
was approximately the same as in the uncapped re- 
gion. On the other hand when three 5 s anncals were 

2.3. I nGaAs  GaAs  
The interdiffnsion of strained InGaAs-GaAs has been 
investigated by several groups [39-43], The data 
obtained by these workers are shown in Fig, 7. Apart 
front the work of Joncour et aL [393 the interdiffusion 
coefficient derived was obtained by photolumin- 
escence. Joncour et at. used X-ray diffraction but, as in 
the photoluminescence measurements, they used a 
concentration-independent interdiffusion coefficient. 
They did remark, however, that as time proceeded, 
the interdiffusion codticient obtained varied from 
0.8×10 -18 to 2.0×10 - t8  cm 2 s x. Kothiyal and 
Bhattacharya [40] annealed two ln~Ga t_~As-GaAs 
multi-quantum well structures each with a diflbrent 
indium content. They found that the interdifl~sion 
coefficients they obtained for each of the quantum 
wells were different. They noted that the value of the 
interdiffusion coefficient they obtained was signific- 
antly greater than the values published by Joncour et 
at. [39]. They explain the differences in the values 
obtained in terms of the different times involved. The 
early work of Joncour et aL used diffusion times of 
17 71 h at 850~C whilst Kothiyal and Bhattacharya 
[40] used times between 5 and 25 s, Kothiya[ and 
Bhattacharya argued that in the early stages of an- 
nealing the interdiffusion coefficient is higher owing to 
the higher concentration of point defects. However, as 
the diffusion time and temperature increase the defects 
are annealed; which reduces the interdiffusion coeffi- 
cient. If this explanation is correct then the validity of 
their single diffusion coefficient should again be ques- 
tioned. They also suggested that the effects of differing 
amounts of strain could also have caused some dis- 
crepancy between the two sets of results. This is borne 
out by Fig. 7. The samples which have the highest 
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amounts of strain may also have a larger number of 
dislocations. Dislocations can act as sources of point 
defects and so the samples with the largest density of 
dislocations (the heavily strained ones) will have a 
target interdiffusion coefficient. From Fig. 7 it can be 
seen that apart from the work of Gillin et  al. [41] the 
activation energies of the interdiffusion processes seem 
to be approximately the same. It should be noted, 
however, that the work of Gillin et al. differed in two 
significant ways: the sample was capped with SiN~ and 
the sample was continually cyclcd. Although not stric- 
tly valid for InGaAs-GaAs since a different system 
was used (InGaAs-InAIAs), the work of .Miyazawa 
et at. [36] shows that cycling a sample through several 
shorter anneals produces a larger shift in the photo- 
luminescence line than when one single anneal is used. 
If this effect is not taken into account, then an over- 
estimate of the interdiflhsion coefficient will be ob- 
tained. Morcover, one would expect this effect to be 
larger at higher temperatures and so the measured 
activation energy will be greater than the actual one. It 
should be noted, however, the work of Miyazawa et  al. 

[36] used very short annealing times coupled with 
slow temperature ramps, whilst that of Gillin et al. 
[41] used much longer anneal times and a much faster 
ramp. 

The work of Hsieh et  al. [43] has shown.that the 
interdiffusion of a single InGaAs well depends on the 
arsenic overpressure. Their results, which are included 
in Fig. 7, indicate that the group III vacancy is playing 
an important  role. They also demonstrated that larger 
photolumincsccnce shifts were Observed if an A1GaAs 
cladding layer was used. They attributed this increase 
of the photoluminescence shift to the diffusion of 
aluminium from the cladding layers into the barrier. 
In addition they confirmed that the interdiffusion rate 
depends on the indium content. 

The effects of an SiO 2 mask on the interdiffusion of 
an A1GaAs-clad InGaAs-GaAs quantum well has 
been investigated by Major et al. [42]. They found 
that aluminium has a high solubility in SiO; which 
causes some of the silicon and oxygen to diffuse into 
thc sample. In all probability the aluminium reduces 
the SiOz according to the chemical reaction 

4A1 + 3SiO 2 --+ 2AlzO~ + 3Si 

Thcy showed that the silicon concentration in the 
surface layers of the A1GaAs and the amount of 
aluminmm in the SiO 2 both increased with the arsenic 
overpressure. However, the intermixing of the InGaAs 
well did not follow this trend. Three experiments were 
performed with differing amounts of arsenic in the 
diffusion ampoule. In the first experiment no arsenic 
was added to the ampoule, whilst in the second and 
third 10 and 30 mg of arsenic was added, respectively. 
A large amount of indium diffusion was only observed 
in the sample annealed with t0 mg of arsenic. This 
correlated with the silicon penetration depth. Under 
the SiNx mask a much smaller shift in the photo- 
luminescence line associated with the well was ob- 
served. This allowed the fabrication of lasers using 
SiN~ and SiO 2 masks. 

2.4. InGaAs-lnP 
lnterdiffusion in the InGaAs- lnP  system has bccn 
studied by Temkin et  al. [44] who found that, during a 
thermal anneal, the photoluminescence peak shifted to 
higher energies, which is consistent with the inter- 
diffusion of the InGaAs and InP. However, transmis- 
sion electron microscopy (TEM) pictures indica'ted 
that the interface between the barrier and the wells 
was still abrupt and, moreover, the thickness of the 
wclls was sccn to have incrcascd. Tcmkin et al. sug- 
gested that the system remains lattice-matched during 
the anneal. More recently, X-ray rocking curve 
measurements and Raman spectroscopy of annealed 
InGaAs InGaAsP multi-quantum well structures 
have shown that the system does remain lattice- 
matched during the thermal anneal [45, 46]. However, 
the later studies found that there was a smearing of the 
interface which is opposite to the observations of 
Temkin et  al. [441 but in agreement with the photo- 
luminescence study performed by Fujii et  al. [47]. This 
is in contrast with the experiments of Nakashima et al. 

J-48] who found that the interface between the wells 
and the barrier was sharp but no longer latticed- 
matched. It should be noted, however, that the experi- 
ment of Nakashima et al. used SiO2 to prevent surface 
degradation during the thermal anneal whereas the 
others used either phospine overpressure or SiaN 4. 

To explain the observations [44 47], the explana- 
tion provided by Fujii et  al. E47] will be invoked. The 
diffusion of the phosphorus atoms in the barrier and 
wells is given by Fick's taw. The first cquation below 
represents the diffusion of the phosphorus in the 
barrier and the second that in the well. 

~C u 62Cb 
~t Ob ~ X  2 

(2) 

6C, ,  62C,~ 
6t - Dw 6 X  2 

C~, and Cw are the phosphorus concentrations in the 
barrier and the well, respectively. The diffusion coeffic- 
ients in the barrier and well are assumed to be different 
and are given the symbols Db and Dw. In order to solve 
these equations it is necessary to define mathemat- 
ically the flux (Jh) of phosphorus atoms crossing the 
boundary between the barrier and the well. The form 
chosen by Fujii et al. [47] was 

j~ = O~(C~o C,,.o) (.3) 

Cb0, Cwo and O h are the concentration of the phospho- 
rus on the barrier and well side of the interface and a 
constant of proportionality, respectively. Fujii et at. 
[47] found that their experimental results suggested 
that D~ was small in relation to D b and Dw, which 
indicates that interdiffusion is limited by the diffusion 
of phosphorus across the interlace. This was explained 
in terms of the addition potential energy, owing to the 
increase in strain, when an arsenic atom diffuses from 
the well into the barrier or a phosphorus atom from 
the barrier into the well. Although this analysis is not 
mathematically rigorous, since it ignores the diffusion 
of the group III elements, it does provide a plausible 
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explanation for the observations. Moreover, the work 
of Temkin e t a l .  [44] can also be explained. The 
rclatively slow diffusion of the group V elements 
across the interface compared to their diffusion within 
either barrier or well means that the interface remains 
sharp, and so in the TEM pictures presented by 
Temkin et al. one would expect to observe very little 
degradation of the interface sharpness. 

2.5. GaAsSb-GaAs 
This strained layer system has been studied by Gillin 
et aL [49]. Like all the other systems described, there 
are very few data for self-diffusion in GaSb and none 
for the ternary system [50]. The results of Gillin e~ aL 
are very interesting since they show that the inter- 
diffusion of G a A s - G a A s S b  cannot be described by 
Fick's law. Another observation which is very inter- 
esting is the effect of grown-in dopants on the stability 
of the layers. Both silicon and beryllium slow down 
the interdiffusion process. This observation is in com- 
plete contrast  with the other I I I - V  systems such as 
GaAs-GaAIAs  where the dopant  causes a dramatic 
increase in the interdiffasion. 

3. Z i n c  
3.1.  G a A s - A I A s  
The diffusion of zinc into GaAs is generally accepted 
to be interstitial in nature, the interstitial zinc being 
positively chargcd. There arc, however, two mech- 
anisms for the incorporation of zinc on to the lattice. 
In the first the zinc moves on to a vacant gallium site 
[51] and in the second the zinc "kicks" off a group Ill 
a tom from its lattice site [52]. It then moves on to the 
now-vacant lattice site. These two mechanisms can be 
represented by the quasi-chemical reactions 

Zn~- + V~, ~ Zn~- + 2h + 

Zni + + G a  ~ Zn~- + I ~  + 2h + 

In the first casc, there will be an undersaturation of 
gallium vacancies caused by the zinc moving on to the 
substitutional site. One possible mechanism for the 
crystal to recover its equilibrium value for gallium 
vacancies is via Frenkel pair generation I"53] 

Ga  ~ I ~ + V ~ .  

If the rate of generation of Frenkel defects is faster 
than the zinc diffusion rate tllen it could be argued 
that the two mechanisms are equivalent. If  a zinc 
diffusion is performed at temperatures above approx-  
ilnately 750 °C, dislocation loops are observed [54]. 
The nature of these dislocation loops has been ana- 
lysed by Ball et al. [55] who found them to ,be 
interstitial in nature. To explain the generation of 
these loops the kick-out mechanism is used. As the 
interstitial zinc moves on to the lattice site there will 
be an increase in the concentration of interstitial 
gallium. If this concentration rises above a critical 
concentration, it is energetically favourablc for the 
interstitials to form dislocation loops. Moreover, the 
dissociative mechanism could also have been used to 
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explain the presence of these loops so long as the 
additional step of Frenkel pair generation is included. 
The diffusion of zinc into AIGaAs and AlAs has not 
been extensively studied and the work is mainly lim- 
ited to the measurement of diffusion depths [56-60]. 
This work has found that the diffusion rate in GaAIAs 
increases as the aluminium content increases. It  is also 
not unreasonable to assume that the diffusion mech- 
anism for zinc in the ternary GaAIAs is the same as in 
GaAs. 

The original article [2] which reported the effect of 
diffusing zinc on the stability of the GaAs-GaAIAs  
superlattices layers suggested a variation o f  the dis- 
sociative mechanism. Rather than the interstitial zinc 
immediately jumping on to a vacant group III  site, 
a intermediate vacancy-interstitial zinc complex 
formed. It was suggested that this complex could then 
take part  in the self-diffusion process. 

Later van Vechteu [61] suggested two more de- 
tailed mechanisms based on the Jain diffusion mech- 
anism for phosphorus into GaAs [62]. Both of these 
mechanisms involved the movement  of atoms around 
a hexagonal ring on the (1 I 1) planes and involved 
both anti-site defects and vacancies. In these mech- 
anisms all defects were assumed to be charged. Group  
I i i  and group V vacancies were assumed to be singly 
charged. The group 11I vacancy charge was negative 
whereas the group V vacancy charge was assumed 
to b.c positive. Anti-site defects were assumed to be 
doubly charged, with a group I I l  a tom on the group V 
lattice site negative, and a group V atom on a group 
I I I  site positive. If there is a group V vacancy in the 
ring then a group I l l  a tom can easily move on to this 
site, creating an anti-site defect and a group I I I  a tom 
(Fig. 8). The ring will now have a total charge of - 3 
and this will cause a Coulombic attraction between 
the interstitial zinc and the defect cluster, reducing the 
energy of the defect clusteL (Note that the charge on 
the interstitial zinc has changed so that it is positively 
doubly charged). In the next step, a group V atom 
moves on to the group I I I  site creating an additional 
anti-site defect and a group V vacancy. The total 
charge is + I and the zinc atom is no longer needed to 
reduce the energy and drifts away. As can be seen the 
process leaves a trial of anti-site defects. However, 
after twelve similar steps it can be shown that the 
number of anti-site defects in the ring reduces to zero. 
More  importantly, this movement of atoms around 
the ring will enhance the self-diffusion of both group 
I I I  and group V elements and the ratio of en- 
hancement of the group I I I  to the group V atoms is 
3:2. In the second mechanism, a divacancy rather than 
a single vacancy was assumed to be the defect respons- 
ible for the movement  of the atoms, van Vechten [61] 
demonstrated that fewer anti-site defects would be 
generated. Referring to Fig. 9, as in the first ring 
mechanism, the first movement  of atoms generates an 
anti-site defect, which is removed after the second step. 
In the absence of zinc interstitials, this ring mechanism 
would move equal numbers of group I l l  and group V 
atoms. However, the Coulombie attraction between 
the zinc a tom and the negatively charged group lII  
anti-site defe~t would enhance the vacancy diffusion of 
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the group f I I  atoms (so the steps shown in Fig. 9 are 
strongly favoured in the prcsence of zinc). This mech- 
anism would therefore appear  to predict intermixing 
of the group I I I  sites but not the group V sites. 

More recently [11], an interstitial mechanism has 
been proposed. As stated above, a consequence of 
diffusing! zinc is the generation of group I lI  inter- 
stitials. Since these intcrstitials arc not bound to a 
lattice siie, the diffusion of the interstitials is expected 
to be fa~t. It is proposed thaf these interstitials are 
responsible for the enhancement of the interdiffusion. 

A detailed investigation of zinc-induced disordering 
has been performed by Harr ison e ta l .  [1, 63] who 
used both SIMS and TEM. This work showed that as 
a result of the zinc diffusion at 700°C, dislocation 
loops w~rc formed in the AlAs layers. The loops can be 
seen in Fig. 10 which shows a TEM micrograph of a 
3.5 rain 700 °C zinc diffusion. The same sample has 
been investigated by SIMS and this is shown in 
Fig. 1 la.  F rom these two figures it can be seen that the 
position !of the dislocation loops is slightly deeper than 
the disordering, but within the zinc-diffused areas. The 
oscillations in the zinc concentration seen in the SIMS 

t~igure 8 The first three steps of the first van Vechten intermixing 
mechanism for zinc-induced disordering in GaAs-A1As superlatti- 
cos. Anti-site defects are showi1 as squares (after van Vechten [61]). 

have been assigned to differences in solubility of ~Ehe 
zinc in GaAIAs and GaAs. The solubility of zinc in 
Ga  1 ~AlxAs decreases with increasing aluminium 
content x. This effect is most  striking in the 15 rain 
700 ;C zinc diffusion, which totally disorders the 2 lain 
superlattice. The SIMS result for this sample is shown 
in Fig. l l b  and it can be seen that the zinc signal 
increases when one moves away from the disordered 
superlatticc region which is marked A. Boltaks et aL 
[64] measured the surface concentration of zinc-dif- 
fused AI~Ga~ ~As as a function of x, the aluminium 
content. They found that it decreased with increasing 
aluminium content. Therefore the above results on 
zinc-induced disordering of GaAs-AIAs supcrlattices 
are in agreement with the findings Of Boltaks e ta l .  

[643. 
The generation of the dislocation loops provides 

evidence for the excess-interstitials mechanism. As the 
zinc diffuses, i t  generates group I I I  interstitials by the 
mechanism described earlier. The concentration of 
interstitial group I I I  atoms within the crystal will be 
greatly enhanced [65]. If these diffuse through the 
crystal and in turn become substitutional by kicking 
out another group l l I  a tom from its lattice site, then 
there will be a significant increase in the interdiffusion. 
For example, in one of the GaAs layers of a super- 
lattice the zinc will create a gallium interstitial when it 
moves on to the substitutional site. This interstitial 
will be able to diffuse quickly through the crystal, 
reaching a layer of AIGaAs, where there is a significant 
probabili ty that it wilt "kickout" an aluminium atom, 
thereby increasing the gallium content, fn a similar 
way, aluminium intcrstitials will be generated in an 
A1GaAs layer and will diffuse to the GaAs layers. If the 
increase in concentration of the group I I l  interstitials 
is sulliciently high, oversaturation occurs and it may 
be energetically favourable for the crystal to form 
dislocation planes. 
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Figure 9 The first three steps of the second van Vechten mechanism. 
Anti-siie defects are shown as squares (alter van Vechten [61]). 

Tab and G6sele [12] noted that the enhancement of 
the intcrdiffusion caused by the diffusion of zinc was 
confined lo the zinc-diffused rcgion and that the size of 
the enhancemeni, was very large, They suggested that 
the group [iI interstitials which are responsible for the 
interdiffusion effect are positively charged. The p-type 
doping of the zinc would then increase the population 
of this species, thcrcby increasing the interdiffasion. 
They noted lhat an oversaluration of group 111 inter- 
stitials was also necessary. It should be emphasized, 
however, that the region with the greatest group 111 
interstitial concentration is slightly behind the diffu- 
sion front Ell. The evidence for this comes from the 
position of the dislocation loops which are slightly 
behind the diffusion front. It is expected that the 
disordering of the GaAs-AIAs layers will be greatest 
in the regions of high group Ill  interstitial concentra- 
tion, i.e. in the region between the diffusion front and 
thc surface: which could explain why zinc-induced 
disordering is 0nly confined to the zinc-diffused 
region. 
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Figure 70 Cross-sectional transmission electron micrograph of a 
GaAs AlAs superlattice which shows time dislocation loops gener- 
ated in the AlAs by the diffusion of zhlc. The diffusion was per- 
formed for 3.5 rain at 700 "C. 

3.2.  I n G a A s  I n A I A s  
The diffusion of zinc into InGaAs InAIAs has been 
studicd by several workers [66, 67] and has been 
shown to intermix the gallium and the aluminium. 
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This system is lattice-matched over a variety of com- 
positions and therefore may be suitable for the 
manufacture of l ID  devices. The mechanism causing 
the enhancement of the intermixing in this system is 
believed to be similar to that operating in 
GaAs-GaA1As. 

3.3.  G a A s - G a A s P  
The diffusion profiles of zinc in G a P  [68] are very 
similar to tbosc obtained in GaAs, which indicates 
that the diffusion mechanism is similar to that of zinc 
into GaAs. Data  from the isoconcentration radio- 
active tracer experiments of Chang and Pearson [69] 
indicate that the diffusion coefficient of zinc in G a P  
depends on thc square of the zinc eoneentJcation, 
which is the same dependence as that observed in 
GaAs. The diffusion of zinc into G a P  does however 
strongly depend on the surface conditions [70]. 

In the experiments of Camras  et aL [71] zinc was 
diffused at 825 °C for 14 h into a OaPo.~,Aso.4-GaAs 
strained supertattice. In this series of experiments, 
enhancement of the interdiffusion of the group V 
elements was observed. This result is very interesting 
in the light of the work described above which was  
performed on AIGaAs GaAs superlattices. If a similar 
zinc diffusion process is assumed then the explanation 
given for the A1GaAs-GaAs superlattices does not 
explain the intermixing of the GaPo.6Aso.4-GaAs 
superlattices. There is however one important  differ- 
ence between the two systems, and that is the presence 
of strain in the GaPo.6Aso. , GaAs superlattice. Dur- 
ing the thermal annealing of tbe-superlattice0 misfit 
dislocations may occur causing the generation of 
point defects. The interaction between these defects 

and the diffusing zinc may cause the impurity-induced 
disordering effect. 

3.4. InGaAsP-GaAs 
There have bccn several reports of diffusion into 
strained I n G a A s P - G a A s  multi-quantum wells ['72, 
73]. Park et  al. [72] diffused zinc at 700 °C for 25 h into 
an Ino.06Ga0.94Po.o~Aso.g5 layer grown by LPE on a 
GaAs substrate. By observing the diffusion of the 
phosphorus and indium into the GaAs substrate they 
could analyse the effect of the zinc diffusion. The mole 
fi-aetions of the indium and phosphorus were kept 
deliberately low so as to minimize the effect of strain. 
They found that the diffusion of zinc enhanced both 
indium and phosphorus interdiffusion. However, the 
indium diffused much faster than the phosphorus, by 
approximately tWO orders of magnitude. To obtain a 
diffusion constant for the indium they analysed the 
indium profile by the Boltzmann Mantano method, 
The diffusion coefficient they obtained was independ- 
ent of the indium concentration and was equal to 
5 × 10 - ' 4  cm? s -  r. They then proceeded to obtain a 
value of 6 × 10-1~ cm 2 s-  1 for the phosphorus diffu- 
sion. The Boltzmann Mantano  method assumes that 
the diffusion constant depends on the concentration 
only and is not a function of time. Since in the above 
experiment the enhancement does not occur until 1Lhe 
zinc reaches the interface, the indium and phosphorus 
diffusion coefficients will also be functions of time and 
so the Bo l t zmann-Mantano  analysis will be inva]Lid. 
Therefore the values obtained by Park et aL [72] for 
the indium and phosphorus diffusion coefficients 
should be trcatcd with caution. 

Park et at, explained the enhancement of the indium 
diffusion in terms of the interstitial-substitutional 
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mechanism us_ed to explain zinc intermixing in 
A1GaAs-GaAs superlattices. However, the enhance- 
mcnt of the group V intcrdiffusion rate does not fit 
neatly into this mechanism. Park et at. gave no reason 
for the small enhancement of the phosphorus diffusion 
coefficient. 

Deppe er al. [73] have diffused zinc into an 
Ino.~(A10.4Ga0.e)o. 5 P GaAs heterostructure for 20 h 
at 600 °C. In this series of experiments the heterostruc- 
tufts contain both indium and phosphorus and there- 
fore one would expect a build-up of strain at the 
interface once interdiffusion takes place. The results 
indicate again that zinc enhances the diffusion of the 
group III atoms, which was explained once again by 
the interstitial-substitutional mechanism. However, 
Deppe et al. did not observe any enhancement in the 
diffusion of the group V elements. It should be realiscd 
that the previous results which have demonstrated 
group V enhancement have been performed under 
diffusion conditions more severe than those used in 
Deppe et al.'s experiment. It is therefore possible that 
in Deppe et al.'s experiment enhancement of the group 
V diffusion has occurred but it is too small to observe. 
A second point should bc noted: in the SIMS profile 
through the hcterostructure, the iridium signal dips at 
the interface. This may be an artefact of the SIMS 
process or it may be real, indicating that strain at the 
heterostructure interface has had an effect on the 
interdiflhsion process. 

3.5. InGaAsP InP 
The diffusion mechanism of zinc into InP differs from 
that of GaAs. The electrically active concentration of 
zinc-diffused InP is significantly less than the atomic 
concentration of the zinc, which suggests that the 
majority of the zinc is in a state other than the simple 
substitutional one [74], The difference between the 
hole concentration and zinc atomic concentration can 
be as high as two orders of magnitude [75]. It has been 
proposed [76] that the zinc diffuses interstitially, in 
the same manner as zinc in GaAs. Once incorporated 
on to the lattice site it forms a neutral complex with 
two phosphorus vacancies. Positron lifetime measure- 
ments have shown that in pre-doped zinc InP, dr- 
vacancies exist in the concentration predicted by this 
model [77]. 

The first report of the disordering of a 
GalnAsP InP system lattice matched to InP 
was by Razeghi et at. [781. who zinc-diffused an 
Ino.75Gao.25 P0._, ASo.~-InP quantum well at a variety 
of temperatures and times. The interdiffusion process 
was monitored by observing the shift in the photo- 
luminescence peaks. They found that in the 
InGaPAs- InP  system, like the InGaPAs-GaAs sys- 
tem, the diffusion of zinc enhances the diffusion of the 
group Il l  atoms. They also observed evidence for the 
intermixing of the group V elements at 700 °C. Since 
enhancement of the interdiffusion of the group Il l  
atoms moves the absorption band edge to lower 
energies, zinc l i d  would not be appropriate to the 
manufacture of transverse junction lasers [78] or 
waveguides [79]. 
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To examine the enhancement of the diffusion of the 
group III and V elements Park er at. [80] annealed an 
Ino 72Gao.2sPo,39Aso,61-InP heterostructure. Their 
results confirm previous results. However, in their 
discussion they attempted to relate the diffusion mech- 
anism for zinc in haP to the intermixing of the layers. 
(This is the only group which has taken this important 
step.) The first diffusion mechanism they discussed 
was that of Yamada etal.  [81]. They noted that, if the 
defect responsible for the diffusion of zinc in InP and 
related compounds is Zn-V,  pairs, then one would 
expect a significant enhancement in the group V diffu- 
sion and this is not seen. They then considered the 
model  proposed by Tuck and Hooper [76], In this 
model the interstitial zinc when incorporated on to the 
lattice site requires two phosphorus vacancies. They 
assumed that these phosphorus vacancies must arise 
from the surface and would therefore have to diffuse, 
causing an enhancement of the group V diffusion. It 
should be stated, however, that the original model 
would still be valid if the vacancies were created by 
Frenkel pair production, and the diffusion of the 
group V interstitials is small in relation to the group 
IIl interstitial diffusion. 

More recent work on InOaAs- lnP multi-quantum 
well structures has shown that not only does inter- 
mixing occur but under the correct conditions the 
InP InGaAs layers can be converted to ZnaP 2 
Zn3As2 layers by the diffusion of zinc [82 84]. 
Schwarz and co-workers [82, 83] were the first 
group to observe this cffect in lnGaAs-InP multi- 
quantum well systems, A SIMS profile of an 
In0.53Ga0.47As InP multi-quantum well which was 
zinc-diffused for 1 h at 600 ~C showed a large surface 
concentration of zinc and phosphorus (the zinc source 
was Zn:~As2). Examination of the crater left by the 
SIMS analysis showed that there were islands which 
had a low sputtering yield. Schwarz etal,  [82] verified 
that these islands were indeed Zn3P z. Although not 
mentioned by Schwarz e~ at., Tuck and Hooper [85] 
have previously observed surface features on zinc- 
diffused InP samples (700 :'C). These surface features 
depended critically on the external conditions. No 
features were observed for those samples which were 
diffused either with low amounts of zinc or with large 
amounts of phosphorus. Two types of surface feature 
were observed. For  diffusion times in the region of 4 to 
5 h the surface deposits took the form of hemispheres, 
ranging in size from a few micrometres to 0.25 ram. 
These hemispheres were found to be indium-rich. 
However, on samples diffused for 20 min dilrerent 
fcatures were observed. These took a rectangular form 
and were aligned on the crystal surface. Chemical 
analysis of these features showed that they were zinc- 
and phosphorus-rich. Tuck and Hooper  [85] ex- 
plained their results with the aid of phase diagrams 
and as a consequence assigned the rectangular fea- 
tures to crystalline Zn3P~ and the hemispheres to the 
condensation of an indium-rich liquid. 

The conversion of the InGaAs-InP layers to 
Zn3 P2 Zn3As2 layers has been studied in more detail 
by Hwang et al. [83]. One of their SIMS profiles is 
reproduced in Fig. 12. In region 1, most distant from 
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to the surface the InGaAs has been converted to Zn3As~ (after 
Hwang eraL [83]). (Reproduced with the permis.~i~m of the 
American Institute of Physics.) 

the surface, the group l I I  a toms are interdiffuscd. The 
group V elements are relatively unaltbcted. In the 
middle region (region II) the I n G a P  has been conver- 
ted to Zn 3 P:. The InGaAs layers remain intact. How- 
ever, close to the surface, in region III,  the InGaAs 
layers are converted to ZniAs3. They also noted that, 
as they increased the zinc pressure in the diffusion 
ampoule, more conversion of the layers was observed. 
.This dependence on zinc overpressure confirms the 
observations of Tuck and Hooper  [85]. 

Van Gurp  eral .  [84] have studied the diffusion of 
zinc in ]n0.ssGao.,2 Aso. 9 Po_~-InP at various temper- 
atures (all diffusions used Zn~P2 as the diffusion 
source). As the diffusion temperature increases the 
capping [nP layer is gradually changed to Zn3P z. This 
can be seen in Fig. 13, which shows Auger profiles for 
several zinc diffusions performed at different temper- 
atures. The conversion to Zn3P2 was explained in 
terms of free energy. The heat of formation of InP is 
greater than that of Zn~Pa- As a consequence there 
would be a gain in free energy when InP changes to 
ZnsP2. 

In addition to the conversion of the top lnP clad- 
ding layer, the indium and gallium start to interdiffuse 
(Fig. 13b and c). Initially Auger signals caused by the 
indium and gallium oscillate in the layered structure, 
demonstrat ing that no intermixing has occurred. At 
higher temperatures the indium and gallium signals 
are constant, indicating that intermixing has occurred. 
However, at 550°C, oscillations in the gallium and 
indium Auger signal occur again (Fig. 13d). Moreover 
the maximum of the gallium signal, which corres- 
ponds to the minimum of the In, occurs in the layers 
which were originally InP. This surprising result indic- 
ates that ordering has occurred, van Gurp  et at. [84] 
proposed that the ordering of the layers was again 
caused by the gain in free energy when InP is conver- 

ted to InGaP.  An interesting observation, not com- 
mented on by van Gurp  et al., can be seen in Fig. 13e. 
There is a rise in the zinc Auger signal. This occurs in 
what was the first InP layer and could be the start of 
the conversion of this layer to Zn3Pa. This observa- 
tion and explanatio n would be in agreement with 
Hwang e t a l .  [83]. 

Ambree et aL [86] have studied the effects of diffu- 
sion over a long period on zinc and cadmium across 
an I n G a A ~ I n P  heterojunction. In the case of zinc, 
they found that there was significant zinc gettering at 
the heterojunction which was accompanied by a de- 
crease in the indium and gallium concentrations. This 
did not occur for their cadmium-diffused samples. 

4. B e r y l l i u m  

Be diffusion in GaAs is believed to proceed by the 
kick-out mechanism. Owing to the health risks associ- 
ated with beryllium there is little work concerning its 
in-diffusion. Poltoratskii and Stuchebnikov [87] dif- 
fused beryllium from sources evaporated on to the 
sample's surface. They found that the diffusion of 
beryllium depended on the amount  of arsenic added 
to their diffusion ampoule. The diffusion of beryllium 
seems to be slower than that of zinc. The diffusion o f  
beryllium from grown-in sources has been studied by 
llegrems [88] and MeLevige et aL [89] who found 
that the diffusion coefficients obtained were signific- 
antly smaller than those obtained in the in-diffusion 
experiments. In addition, like zinc, the diffusion of 
beryllium is a concentration-dependent process [90]. 
The similarities between the diffusion of zinc and 
beryllium suggests that a similar diffusion process is 
occurring [91-93]. Recently, there has been some 
interest [94, 95] in the diffusion of beryllium away 
from 6-doped regions. The results were a~ralysed in 
terms of a single concentration-independent diffusion 
coefficient. The diffusion coefficient obtained was 
several orders of magnitude less than in the earlier 
published work [88]. However, the concentration of 
the Be was significantly higher in the previous work. 

Kawabe  et at. [96] have found that superlattices 
doped to 2×  1019cm 3 show little signs of dis- 
ordering. Moreover  they found that it prevented the 
disordering of the superlattice by the silicon. (It is now 
generally accepted that this is due to the lowering of 
the Fermi level.) However, Devine e t a l .  [97] have 
shown that if beryllium-doped GaAs is grown so that 
the beryllium interstitials are not in equilibrium with 
the beryllium substitutional atoms, then diffusion dur- 
ing growth can occur which causes enhancement of 
the intcrdiffusion of the group 111 elements in a similar 
way to that of zinc. 

5. Manganese and magnesium 
Undcr certain conditions, the diffusion of manganese 
has many similarities to zinc diffusion. This led 
Kendal  [98] to postulate that manganese and zinc 
have the same diffusion mechanism. One would there- 
fore expect the diffusion of manganese to cause an 
enhancement of the interdiffusion of the gallium and 
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aluminium in GaAs-AIAs superlattices. This has in- 
deed been observed [99-102]. However, it should be 
noted that in these earlier experiments [101] there was 
a significant amount  Of surface degradation. In this 
work, only a solid Mn source was used along with a 
piece of elemental arsenic. The poor  surface morpho-  
logy following a manganese diffusion was also seen by 
Wu et al. [102] who used a variety of sources (ele- 
mental manganese, MnAs, MnaAs and a thin film of 
manganese deposited on GaAs). However, only the 
MnAs source produced a smooth crystal surface. 

There are few data for-magnesium in GaAs. Small 
et aL 1-103] diffused Mg, from a liquid source, into 
GaAs at 830 °C. The magnesium profiles obtained by 
SIMS suggest that the magnesium diffusion coefficient 
is conccntration-dcpendent. More recently, the effects 
of magnesium on the interdiffusion of GaAs AlAs 
layers have been investigated [104, 105]. When a 
magnesium-doped (8 x 10 TM cm -3) Alu_~Gau_6As- 
GaAs superlattice was annealed, with additional ar- 
senic added to the ampoule, there were no signs of 
interdiffusion of the layers. This is in contrast to when 
the same structure was annealed without any As. In 
this case, the structure was completely disordered. 
This result is also seen when magnesium diffuses from 
a &doped region in a mult i-quantum well [104]. 

Figure 13 Auger profiles through an InGaAsP  lnP superlattice 
which consisted of a 60 nm InP cap followed by 21 s{a0ks of InP 
layers (23 nm) and l nGaAsP  (17 nm). (a) As grown and zinc-diffused 
at (b) 475 °C, (c) 500 "C, (d) 550 °C and (e) 600 "C. Alter van Grup et 
aL [84/. (Reproduced with the permission of the American Institute 
of Physics.) 

Moreover, unlike the undoped case, an SiN x cap 
enhanccs the intermixing .of the group I I I  atoms. A 
possible explanation could be that the interdiffusion is 
occurring by group I I I  interstitials. In the case where 
there is a high arsenic overpressure, the concentration 
of group I I I  interstitials will be low and so the inter- 
mixing should be small, whereas when the sample 
surface is gallium-rich (no arsenic provided), the op- 
posite is true. 

6. S i l i con  
Understanding the diffusion mechanisms of group IV 
dopants is severely complicated by thcir amphoteric 
nature. There has been a significant amount  of work 
directed at establishing on which site the silicon a tom 

• sits (see fbr example [71, 106, 107]. For GaAs [0 0 1] it 
is generally accepted that, at low silicon concentra- 
tions ( < 10' 8 em-3), the silicon sits on the gallium site 
(SiG~) forming a donor. However  at high concentra- 
tions, which are of interest in diffusion studies, the 
picture is less dear.  Local vibration mode (LVM) 
studies of heavily doped silicon GaAs wafers show 
several other defects occurring, namely a silicon a tom 
on an arsenic site (Sia~), an Si~;. Sia~ pair, and two 
other defects which have been labelled Si-X and Si-Y. 
On annealing, the carrier concentrations changes. 
Chen and Spitzer [106] investigated this effect and 
thcy showed that all the changes they observed were 
reversible. As a starting material they used wafcrs 
which had undergone a 1200°C thermal anneal and 
were then qucnch-cooled after 1 h (they demonstrated 
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that the carrier density after this anneal was independ- 
ent of the sample's previous thermal history). These 
samples were then subjected to different thermal an- 
neals. In general, the concentration of Si,~, is sccn to 
decrease "after the second anncal whilst the concentra- 
tions of the Si-X and Si-Y defects increase. The effect 
of the anneal on the other defects depended signific- 
antly on the annealing temperature. After a 500°C 
anneal there was a decrease in the concentration of 
Sia~ and an increase in Si~,-Sia~ pairs, whcrcas at 
700 °C the concentrations of Sia~ and Sic+,--SiA.. pairs 
remained approximately constant. To explain their 
results, Chen and Spitzer suggested the formation of 
an additional defect which was an acceptor. They 
proposed that this defect may be a Si~, Vt~, pair. 
More  recently, Thcis and Spitzcr [108] have suggested • 
that the Si-~X dcfccI is an SiA~-V~, pair. As for the Si Y 
defect,' ~bis was proposed to be an Sia~ AsG, pair. 
More recent Work I-107] has come to the same conclu- 
sion. as to the origins of the S i X  defect. For  the Si-Y 
defect, however, O n o  and Newman [109] suggest that 
the Si Y defect acts like an acceptor and is possibly an 
Si~,-V~. pair. To confuse the issue even further, the 
Si-Y defect is not always seen. For  example in the 
molecular beam epitaxy (MBE) samples used by 
Maguire e~ at. [110] absorption in the LVM spectrum 
due to the S l Y  defect was not observed. 

It is with this confusion over the exact nature and 
relationship between the silicon defects that one has to 
review the proposed diffusion mechanisms for silicon. 
The first proposal for the diffusion mechanism of 
silicon was presented by Greiner and Gibbons [111, 
112]. In their experiments silicon had been diffused 
from thin sputtered silicon films deposited on the 
surface of the GaAs sample which was then rapidly 
thermally annealed, and the amount  of silicon diffu- 
sion was assessed by SIMS measurements. They noted 
that when their samples were capped with SiN~, 
nd silicon diffusion occurred. However, significant 
amounts of diffusion occurred when the sample was 
capped with SiOa. One of their profiles is shown in 
Fig. 14. From this profile it can be seen that the silicon 
concentration rapidly falls off with silicon concentra- 
tion, which is characteristic of a diffusion constant 
that is dependent on concentration. To explain their 
results, they drew on the knowledge of the amphoteric 
nature of silicon and postulated that the silicon dif- 
fused as SiG~ SiA~ pairs. As can be seen in Fig. 14, their 
model fits their data very well. 

More  recently, experiments by Dcppe et al. [1133 
have shown that thc diffusion rate of silicon critically 
depends on the original doping level. There was very 
little silicon diffusion in the sample which was highly 
p-type doped, whereas in the sample which was lightly 
doped there is significant penetration of the silicon. To 
cxplain their results, Deppe et at. proposed that silicon 
diffuses by Si~, V~, pairs. In the p-doped material the 
concentration of V~, would decrease, thereby decreas- 
ing the amount  of silicon diffusion. Later, it was found 
that in n-type GaAs the amount  of silicon diffusion 
depended also on the type of dopant  [114]. The 
amount  of silicon diffusion was independent of the 
group VI dopant  used; however, when tin was used 
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Figure 14 SIMS profile for a ]050°C Si diffusion into GaA~ with a 
calculated diffusion profile using the pair theory of Si diffusion l~a fter 
Greiner and Gibbons [112]): l A) SIMS data, ( ) model (Repro- 
duced with the permission of the Amedcan Institute or Physics.) 

there was a significant increase in the silicon diffusion. 
These results were explained within the context of the 
S i ~  V~a model. They proposed [1 14] that the group 
VI elements formed complexeswith the V~,, thereby 
reducing the VG, concentration and so slowing the 
silicon diffusion. The "+ - S1G.a--VGa model also explains 
why when Greiner and Gibbons used an SiN~ cap no 
diffusion was observed. The solubility of gallium in 
SiO 2 is known to be very high and so one would 
therefore expect a large concentration of gallium 
vacancies at the SiO z GaAs interface which would 
increase the population of S~G~-V~' + - pairs. This would 
in turn increase the silicon diffusion. SiN~, on the 
other hand, is relatively impervious to gallium atoms 
and so one .would not expect a large concentration of 
V~, at the interface and so a small silicon diffusivity is 
expected. 

Kahen l115] derived an expression for the effective 
silicon diffusion coefficient for the SiG.--Vc~,, pair 
model and the model was fitted to previously obtained 
experimental data [11 l, 116]. These fits are shown in 
Fig. 15 and it can be seen that the two agree. 

A third diffusion mechanism for silicon has been 
proposed []17]. In this mode], the silicon had three 

'-4- ways of  diffusing: (i) as SIG. via uncharged defects. (it) 
- +  

as Sic. via a triply charged defect, probably V~-,  and 
(iii) as Si2~ via a triply charged defect. Fits of this 
model to experimental results again showed very good 
agreement between the measured profiles and the 
theoretical ones. However, it still is unclear how 
the Si2~ diffuses. The mathematical  description of the 
model is valid for diffusion mechanisms based around 
either V m or I,~ [117] but theoretical calculations 
[118] show that these defects are positively charged 
and so do not fit the necessary requirements for the 
model [117]. 

The S i~  Sia~ pair model has in its favour the fact 
that the SiG~ Sia, defect pairs are observed in the 
LVM absorption loss spectra discussed above. It  is 
not directly clear how the effect of p-doping on the 
silicon diffusion could be explained. However, under 
the p-doping condition one would expect the forma- 
tion of SiA~ to be very unlikely and therefore the 
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concentration of Sia~-SiA~ pairs would be expected to 
be small. In the initial work of Greiner and Gibbons 
[112] silicon and Ge were diffused together. The 
concentration profiles were remarkably similar and 
this was used as evidence for the formation of the 
pairs. A similar process could explain the dependence 
of the silicon diffusivity on the donor species, i.e. the 
silicon could be pairing with the tin atoms. It should 
be stressed that when the Si Ge source was used the 
diffusion front was retarded relative to the pure silicon 
source case, 

If the LVM assignments of Gun and Newman [ 109] 
are believed then the Si Y defect which has been 
assigned to the Si~, V ~  defect is not observed in 
many silicon-doped samples. One would certainly 
expect to see defects of this kind in highly doped 
silicon samples if the diffusion of silicon occurred by 
Si~, V ~  pairs. Recently, Lee et aL [t 19] concluded 
that silicon most likely diffuses by VG~. Furthermore, 
positron annihilation experiments [120] suggest that 
the concentration of Vg. increases with silicon doping. 
These experiments suggest that the assignment of Si Y 
may be incorrect. 

The model proposed by Yu et al. [117] appears to 
fit the experimental data better than the other two 
models. This may however be due to the increased 
number of litting variables used. Moreover, it does not 
take into account the formation of silicon-related 
defects which are present in highly silicon doped 
GaAs. 
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Figure 16 Diffusion profile of a 900 "C Si diffusion which shows the 
concave section (marked with an arrow) which is characteristic of 
the breakdown in the equilibrium concentrations of the crystal 
defects governing the diffusion (after Lee et aL [119]). (Reproduced 
with the permission of the American Institute of Physics.) 

In all the models mass action has been applied, 
which essentially means that equilibrium is being 
implicitly assumed. However, the profiles presented by 
Lee et al. [119], an cxample of which is shown in 
Fig. 16, are similar to thosc obtained in sulphur- 
diffused GaAs, namely the profile contains a concave 
section which is marked with an arrow. It has been 
proposed that the origin of the sulphur double profiles 
was a breakdown in equilibrium within the crystal [3"1. 
A similar effect may be occurring in silicon-diffused 
samples. 

6.1.  G a A s - A I A s  
Si-induced disordering of GaA~AIAs superlattices is 
a well-known phenomenon [121, 122]. The enhanc- 
ement of the interdiffusion of the group l lI  elements 
can be achieved either by in-diffusion of the silicon 
[122] or from a grown-in source [121]. The first 
systematic study of diffusion-induced disorder was 
performed by M e i e t  al. [10]. In this series of ex- 
periments regions of a I0 nm AlAs-40 nm GaAs 
superlattice were selectively doped and annealed. The 
SIMS profile of the as-grown specimen is shown in 
Fig. 17a and the silicon doping levels were 2 x 1@ 7, 
5 ×  l017,  1 × l 0  as, 2 x  10 tS, 5 ×  1018 cm -3 and finally 
2 x  l0 ts cm 3 again. Fig. 17b and c show the SIMS 
profiles of the Meie t  al. samples.after a 700 °C and a 
900 ~C anneal. The annealed samples clearly show that 
there is an enhancement of the interdiffusion of the 
group III elements at high silicon concentrations. By 
measuring the peak to valley ratios of the SIMS 
profile, Mei et aL [10] were able to derive a figure for 
the aluminimn interdiffusion coefficient for each dop- 
ing level at each annealing temperature. To obtain an 
activation energy for the aluminium interdifl'usion 
they assumed that the doping effect on the inter- 
diffusion only affected the.pre-exponential term, and 
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Fig~re 17 SIMS dcplh profiles of A1 and Si for samples which have been selectively Si-doped to a level of  2 x 10";, 5 x 10 I~, 10 ~,  2 x 10 :B, 
5 × 10 Is and 2 x 101 s em-a ;  (a) shrews the as-grown sample, whereas (b) and (c)show the profiles of samples after a 3 b 700 °C and a 3 h 900 "C 
anneal, respectively (after Mei er aL [10]). 

they obtained a value of 3.8 eV for the activation 
energy. It should be noted, however, that at low silicon 
doping (2 x 1017 c m  3) the fit was very poor. By using 
their model, Meie t  al. were able to adjust their results 
so that they could compare the aluminium inter- 
diffusion coefficient as a function of the silicon concen- 
tration; it is not clear, howe'aer, whether this refers to 
the actual silicon concentration or the concentration 
they intended to grow-in (Fig. 18). They showed that 
the interdiffusion varies as the third power of the 
silicon concentration. 

Later the same group performed a similar experi- 
ment but at higher doping levels [123]. At 102° cm a 
they observed that the intermixing of this region was 
less than that in the neighbouring region which was 
doped with l 0 1 9  c m  3. Moreover, in a region which 
was doped to 10 ~9 cm 3 dislocation loops were ob- 
served. It is well known [124] that at high silicon 
concentrations the elcctrical activity drops. This pro- 
vides evidence for the Fermi-level effect (see below). 
However, Mei et  al. [123] also noticed that the diffu- 
sion of the silicon had been suppressed. All the silicon 
models described above when coupled with the appar- 
ent lowering of the Fermi level could explain the 
reduction in the silicon diffusivity. However, at high 
silicon concentrations, the silicon may be  in a dilt~rcnt 
form which results in compensation and so there wi[l 
be a lowering of the Fermi levcl. This new form of the 
silicon may be less mobile, which would explain the 
suppression of the silicon diffusion. The current feeling 
of the literature is that the first explanation is the 
correct one but the latter cannot be discounted. 

There are at present two mechanisms which have 
been proposed to explain the interdiffusion of the 
A1As-GaAs quantum wells. The first was put forward 
by Tan and G6sele in 1987 [9]. This model accounts 
for the intrinsic interdiffusion as well as the inter- 
diffusion under n-type doping. They proposed that the 
interdiffusion in both cases has a common cause, 
namely a triply negatively charged gallium vacancy. 
The concentration of this vacancy would increase with 
n-type doping, thereby causing an increase in the 
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Figure I8 AI intcrdiffusion coefficient as a function of Si concentra- 
tion [data [rorfl Mei er al. [10, 123]}. 

observed interdilrusion. The triple charged nature of 
the gallium vacancy explains why a logqog plot of the 
aluminium interdiffusion coefficient against silicon 
concentration has a gradient of 3. However, the results 
obtained for tellurium, where the corresponding 
log-log plot has a gradient of unity, suggest that this 
theory is not as universal as the proposers suggest 
[125, 126]. 

The other explanation, very-similar to the first, put 
forward to explain the intermixing was a natural 
extension to the Sim-V,: model of silicon diffusion 
[t27]. As the Sim-VH~ defect diffuses through the 
crystal there will be an enhanced diffusion of the group 
III vacancy which in turn will increase the inter- 
diffusion coefficient of the group IIl elements. The 
concentration of the Sim-V m pair depends not only on 
the concentration of the Sini but also the concentra- 
tion of the charged V.., so the pair concentration will 
be dependent on the position of the Fermi level. The 
nearer the conduction band, the greater tile concentra- 
tion of charged V., and hence Sim V m pairs. 

There is strong evidence to suggest that the Fermi- 
level effect plays an important role in the enhancement 
of the interdiffusion for silicon-doped superlattiees, 
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The first signs of this came from Kawabe et al. 1-96] 
who annealed a multi-quantum well sample which 
was uniformly doped with silicon. The beryllium dop- 
ing, however, varied. In the region where the beryllium 
doping exceeds the silicon concentration, which is 
presumably p-type, the intermixing was inhibited. In 
the other silicon-doped regions the expected inter- 
mixing was observed. More recently in implanted 
samples, the intermixing near the surface has been 
found to be inhibited. This was assumed to be due to 
Fcrmi-levcl pinning at the surface. Experimental veri- 
fication of thc pinning effect on the disordering has 
been observed [128]. The observed inhibition of the 
disordering near the surface correlated with the sur- 
face depletion layer, it  should be noted, however, that 
the size of the effect was sometimes quite small, tn 
addition, the exact surface conditions arc unknown 
since the cxperimcnt was performed in flowing hydro- 
gen with face-to-face contact with a piece of GaAs. 

More recently still, silicon 6-doped samples have 
attracted interest both from the silicon doping [129, 
130] and the disordering [13~] points of view. There 
seems to be some confusion over the magnitude of the 
silicon diffusion coefficient. The initial results [132] 
indicated that the diffusion coelIieicnt comparcd well 
with those obtained by Greiner and Gibbons [ l l L  
112]. However, later results [130] indicated that the 
observed silicon diffusion coefficient was significantly 
smaller than that obtained by Greiner and Gibbons. 
The method used, C - V  profiling, however only moni- 
tors the electrical concentration rather than the actual 
silicon concentration. 

As far as the author is aware there are no data 
concerning the diffusion of silicon into lnP or [hAs. 
There are, however, a few data concerning the inter- 
diffusion effects. Dcppe etal .  [127] diffused silicon 
through three diffcrent hcterojunctions. For  all the 
samples there was considerable group III intermixing 
with little group ¥ intermixing. They interpret these 
results in terms of the Sim-V m model which 
they had proposed to explain silicon diffusion in 
GaAs-AIAs, since their model predicts that inter- 
diffusion of the group V sublattiee should not occur. 
The inherent assumption that they have made is that 
their silicon diffusion model is valid for the wide range 
of III V compounds used in their study. Since there 
are no data for silicon diffusion in these compounds, 
their assumption that the silicon diffusion mechanism 
and the cause of intermixing are the same in all the 
l l I  V compounds studied is a good starting point. In a 
similar way one could just as well have applied the 
model of Tan and G6sele to explain the intermixing. 

6.2. InAIAs-lnGaAs 
Si-induced disordering of InAlAs-lnGaAs has been 
observed by Miyazawa etal. [133] who grew several 
samples of differing silicon concentration. The samples 
were annealed at 650 or 700 °C in close contact with a 
piece of GaAs for various times. The amount of 
intermixing was assessed by sputter Auger profiling 
and photoluminescence. The sample with a doping 
level of 7 x l0 is showed little signs of disordcr after a 
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2 h anneal at 700 °C. This is in contrast to the sample 
doped at 1.3 x t019 crn -3 which showed significant 
disordering. These results indicate that the silicon- 
induced disordering in InGaAs-InA1As is, like 
GaA~AIAs, highly dependent on the silicon concen- 
tration. From the work of Mei et aL [10] on silicon- 
induced disordering in GaAs AlAs, one would expect 
GaAs AlAs superlattices to show large amounts of 
disordering at the 7 x 1018 cm a doping level used by 
Miyazawa et al. 1-133]. This indicates that the silicon- 
induced disordering process in InGaAs-InA1As 
occurs at higher silicon levels or is slower than the 
similar process in GaAs-A1As. The mathematical rep- 
resentation of the Tan and G6sele Fermi-level theory 
[9] is given by 

D(n) - -  D(ni) (4) 

where D(n) is the interdiffusion coefficient under a 
doping n and D(n~) is the interdiffusion coefficient 
under intrinsic conditions. Assuming that thc Fermi- 
level theory applies to all I lI-V scmiconductors [12], 
one can obtain an estimate of the silicon-induced 
interdiffusion coefficient. This is given by 

D,(n) Dl(ni) ng 
(5) 

DG(n) DG 0'li ) M~ 

The subscripts l and G refer to the InGaAs InA1As 
system and the GaAs AlAs system, respectively. This 
equation cannot be used accurately since there is a 
large uncertainty in obtaining not only n~ at diffusion 
temperatures for both systems but the lack of informa- 
tion concerning the interdiffusion under intrinsic 
conditions of the lnGaAs lnA1As. However, an estim- 
ate of the Size can be obtained. The differences in n i 
will be primarily due to the differences in band gap. 
Using the band gap values of GaAs and'InGaAs one 
obtains a ratio of t0 -• for the ratio of ni~ and niT. 
Approximate values for the interdiffusion coefficient 
under intrinsic conditions can be obtained from the 
work of Tan and G6sele [ 12] and by extrapolating the 
results of O'Brien et aL [38]. Performing this one 
obtains from Equation 5 that the interdiffusion 
coefficient under similar n-type conditions in 
InGaAs InA1As will be less than that of 
GaAs~GaA1As, which is in agreement with the experi- 
mental results presented above. This indicates that the 
model proposcd by Tan and G6selc could explain the 
silicon intermixing of InGaAs InA1As. 

6.3. InGaAs-lnP 
Silicon diffusion into InOaAs lnP multi-quantum 
wells has been studied by Schwarz etal .  [82] who 
diffused silicon from a surface source and studied the 
interdiffusion effects by SIMS. Their SIMS profile is 
presented in Fig. t9. The intermixing only occurs in a 
small range of silicon concentrations centred around 
5 x 10 TM cm -3. If disordering itself was only limited to 
a range of silicon concentrations then one would still 
expect the near-surface region to be intermixed, be- 
cause at some stage of the diffusion the concentration 
of the silicon in the near-surface region must have 
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lattice which has been Si-diffused at 700°C for 3 h (after Schwarz ez 
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been in the appropriate range to cause disordering. 
The most likely causc of the inhibition of the inter- 
mixing near the surface is the pinning of the Fermi 
level at the surface. This effect has been observed in 
GaAs GaA1As. It is also interesting to note that the 
silicon diffusion causes intermixing on both the group 
III and the group V sublattices. This is in contrast to 
the work of Deppe e~ al. [127]. 

7. T i n  
Tin diffuses slowly in GaAs. There have been two 
models put forward for the diffusion mechanism. Tuck 
and Badawi [134] diffused tin into undoped and n- 
type GaAs. At low temperatures, the diffusion coeffi- 
cient of tin in n-type samples was significantly greater 
than in undoped samples. At higher temperatures the 
diffusion coefficients for the two samples were the 
same. This suggested that tin diffuses via negatively 
charged gallium vacancies. More recently Shaw [135~ 
has proposed a different model. In his model, the tin 
diffuses via a complex (Vc~SnVG,). 

Disordering caused by tin is clearly shown in 
Fig. 20, which shows the disordering caused by the in- 
diffusion of the Sn [ 136]. In addition, the figure shows 
that increasing the arsenic overpressure inside the 
diffusion ampoule increases the amount of inter- 
mixing. It can also be seen that there is a correlation 
between the intermixing and thc Sn. One could use the 
diffusion mechanism proposed by Shaw to explain the 
intermixing. As the V~SnVc ,  complex moves 
through the lattice one would expect an increase in the 
intermixing because of the increase in the V6, diffu- 
sion. (This is similar to the Si-Vo, mechanism p ro -  
posed for silicon-induced disordering.) However, it 
should be stated that the results obtained are con- 
sistent with the mechanism proposed by Tan and 
G6sele [9]. Rao el at. [137] have shown that boron 
implantation into a tin-doped super[attice inhibits the 
disordering. Since boron is isoetectronic with gallium 
no definite explanation could be given. However, they 
did suggest that under certain circumstances B could 
act as an acceptor. If this is correct then the Fermi- 
level effect may be die cause of the observed effect. 
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Figure 20 Effect of As overpressure on the Sn-induced disordering 
of GaAs-AIAs;  (a) shows the effect of high As overpressure whilst (b) 
shows lhat of low As overpregsure. 

8. Germanium and carbon 
There are very few data concerning the difliLsion of Ge 
into GaAs. It has been noticed, however, that the Gc 
diffusion profile after a 10 h 800 °C diffusion was very 
similar to that of Si [1381. It is therefore not unreason- 
able to assume that Ge and silicon have similar diffu- 
sion mechanisms. Information concerning Ge-induccd 
disordering of the A1GaAs GaAs layers is limited. 
However, devices have been fabricated using the effect 
[138]. 

Carbon diffusion in GaAs has been investigated by 
Cunningham et aL [139] who used a thin layer of 
highly doped OaAs as a diffusion source. The effects of 
background doping and masking materials were in- 
vestigated. Carbon sits on the arsenic sublattice and 
acts as an acceptor. It was found to have a very small 
diffusion coefficient when compared with the diffns- 
ivity of Si, another group IV element, or zinc which 
is an acceptor. Carbon diffusivity was the greatest 
in p-type GaAs, whereas in n+-GaAs there was no 
observable diffusion. 

The same group [140, 141] has investigated the 
intermixing of carbon-doped AIGaAs-GaAs super- 
lattices. These experiments are extremely interesting 
since thc carbon is sitting on the group V lattice site. If 
the intermixing effect was purely due to the effect of 
the dopant on the Fermi level as proposed by Tan and 
G6sele, [ ] then the intermixing results obtained 
should be the same as those obtained for the magne- 
sium-doped superlattices described above. However, 
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they found that, unlike magnesium-doped superlatti- 
ces, the intermixing of the layers was increased when 
the samples were annealed in an arsenic-rich environ- 
ment. In addition, they observed that the interdiffu- 
sion coefficient obtained for the samplc which was 
annealed with an SiO2 mask was only slightly less 
than that obtained from the sample with no cap. 
Furthermore, they noticed that the disordering under 
an SiN~ mask was significantly less. The interdiffusion 
coefficient obtained from these samples was approx- 
imately an order of magnitude less. To explain thcir 
results, thcy suggested that intcrstitial arsenic (Ia~) and 
arsenic anti-site (Asm) defects could play a role in the 
interdiffusion process. They tentatively proposed that 
under arsenic-rich conditions the reaction below 
would move to the right: 

IA, ~ ASm + Im. 

This would increase the concentration of group Il l  
interstitials and hence the interdiffusion. 

9. Selenium and tel lur ium 
There is little reliable work on the diffusion of sel- 
enium and tellurium into GaAs and the diffusion 
mechanisms are still unknown 1,3]. The effect on the 
stability of GaAs-A.1GaAs superlattices of selenium 
doping has been investigated by Deppe et aL I-113]. 
The results they obtained qualitatively agree with the 
results of silicon, that is the disordering is enhanced 
when the sample is annealed in an arsenic-rich envir- 
onment. In addition to the TEM pictures of the 
superlattice, which showed disordering, they pre- 
sented carrier concentration profiles. For  the sample 
which was annealed in an arsenic-rich atmosphere, the 
carrier concentration was reduced from that of the 
As-grown sample. This rcduction of the carrier 
concentration was assigned to the in-diffusion of 
gallium vacancies which are generally assumed to be 
acceptors. Furthermore they noted that, in some of 
their TEM results, the layer interdiffusion was more 
complete near the bottom of the superlattice than at 
the crystal surface. They noted that these layers had a 
longer thermal anneal during growth which could 
have caused the increase in the intermixing. 

The induced disordering of GaAs  AlAs superlattice 
has been investigated by M e i e t  aL [125, 126]. The 
experiment they performed was similar to the one they 
used to study silicon-induccd disordering [10]. Differ- 
ent parts of a GaAs-AIAs superlattiee were doped 
with different amounts of tellurium and the inter- 
mixing of the layers caused by post-growth anneals 
was monitored by SIMS. A value for the interdiflusion 
coefficient was obtained from the peak/valley ratios. 
They found that when the Ga AI interdiffusion coeffi- 
cient and the tellurium concentration were plotted on 
a log-log graph there was a linear dependence, the 
slope of the line being unity. For  silicon, the slope was 
found to be 3. These results imply., that the Ga-AI 
intcrdiffusion coefficient in tellurium-doped super- 
lattices varies linearly with the tellurium concentra- 
tion. This is in contrast to silicon-doped superlattices 
where the interdiffusion of the layers varies as the cube 
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of the silicon coneentrat, ion. If the Fermi-level model 
as proposed by Tan and G6sele were operative [12] 
one would expect the amount  of disordering to be 
independent of the dopant, which is not the case. The 
intcraction between the dopant atom and a group III 
vacancy will depend on the dopant species. The tellu- 
rium sits on the grou p V site and is thought to have a 
strong interaction with the group IlI vacancy [142], 
whereas for silicon, most of the silicon sits on the 
group III lattice site and interacts only weakly with 
the group II1 vacancies, thereby allowing the group l lI  
vacancy to move more freely and so cause more 
disordering. Further work is required to clarify this 
situation. 

10. Sulphur 
Sulphur diffusion in GaAs has been studied by a 
variety of workers (see Tuck [3] for references). Young 
and Pearson 1,-143] obtained the sulphur diffusion 
coefficient in GaAs as a function of arsenic pressure. 
To explain their results they concluded that the sul- 
phur diffused by a complex which consisted of a 
sulphur atom and two gallium vacancies (V~, Sa~V~,). 
However, they could not explain the variation of 
sulphur solubility with sulphur pressure. This was 
later confirmed by Tuck and Powell [144]. Two very 
important details come from these studies: (i) there is 
not a one-to-one correspondence between the sulphur 
concentration and the electron density (this is often 
assumed when the diffusion is studied solely by elec- 
trical methods [145]), and (ii) many of the diffusion 
profiles cannot be described by a simple comple- 
mentary error function. 

Sulphur-induced disordering was investigated by 
Rao e t a l .  [146] who diffused sulphur into a 
Ga~ _xAl~As-GaAs superlattice in a partially closed 
graphite boat. From the shift in the photolumine- 
scence line they observed the intermixing of the layers. 
Later Shieh et al. [147] confirmed this result and in 
addition studied the size of the transition region l¥om 
disordered to  ordercd region. Even though the elec- 
trical profile of the diffused sulphur is very gradual, the 
transition region is very sharp, less than 100 am. This 
compares with values of 200 and 50 nm for zinc and 
silicon, respectively [147]. 

Since sulphur, like other group VI elements, sits on 
the group V site, it could affect the. diffusion of the 
group V elements. Major et aL [148] investigated this 
by using a superlattice which was modulation-doped 
with carbon. Any increase in the group V diffusion 
should be observable through the carbon signal. They 
found that the sulphur diffusion did not affect the 
carbon distribution. SIMS measurements indicated 
that sulphur had diffused into the sample but the 
doping level was not given. Moreover, they investig- 
ated the diffusion of sulphur into a selenium-doped 
superlattice. This was to decouple the diffusion from 
the Fermi-level effcct. They observed that there was 
less disordering associated with the sulphur diffusion 
when the sample was unmasked then when an SiO2 
mask was used. They therefore concluded that the 
disordering caused by sulphur diffusion was due to the 



TA B LE ] 1 A summary of silicon implantation-induced disordering of GaAs GaA1As supedattices 

Energy Dose Temperature Comments Rot: 
(keV) (cm ~ a) (K) 

375 10 t4 First report of Si ions causing disordering [150] 
80 10 t6 Si level diffuses quickly above 3 x 10 TM and the disordering 

only occurs with this diffusion [151] 
3 x 10 t'L 10 ~ R.T, More damage in the GaAs than the AIGaAs [152] 
3 x 10 ~ 3 x 10 t5 R.T. Heavy damage near the surface inhibits itztermixing [153] 
1Ot~-10 t-~ Defects can suppress the intermixing [154] 
3 x 10 ~ ~ Various The near-surface inhibition is not seen in samples implanted at 

high temperatures [155] 
800 + 400 2 × 10 ~* + 5 × i0 ~ Interstitial loops are observed in the imptanted areas [156] 
80 ] x 101. 10 !6 R.T. GaAs preibrentially damaged [157] 
100 3 x 10 t* 77/293N83 Si-induced disordering was found to be anisotropic [158] 
160 2 >( 10t*-2 x 10 t5 Focused ion beam: effects of ,scan speed [159] 
160, 1 6 0 + 4 0  3~10 j ~ 3×10  ~ Optimum d o s e 3 x l 0 1 4  [160] 
50 2 × ;0 'a 10 ~5 R.T, Totalty disordered at 10 I~ cm ~ [161] 
220 3 x I0 j ~ Mathematical model presented [162] 
220 ) l0 t~ R,T, [16311 
1000 3 x 10 j4 10 t6 R,T~ [t64] 
220 3 × 1014 3 × 10 t5 R,T, [165] 

80 
180 
80/160 
180 

Much higher doses are needed for disordering 
Correlation o f  defects and intermixing 

diffusion of group III vacancies. The sulphur would 
diffuse causing an increase in the n-doping of the ]layer, 
which brings about an increase in the Vii I solubility 
which in turn increases the vacancy diffusion from the 
surface and so an increase in the interdiffusion is 
observed. In their discussion scction they assume that 
silicon and zinc at high doping levels produce com- 
pensated material. Yet it is well known that for GaAs, 
the hole concentration and zinc concentration agree 
within experimental error. In addition, it is implied 
that sulphur does not produce compensated material, 
which is in disagreement with tile work of Young and 
Pearson [143]. 

A more detailed study of the effect of sulphur 
diffusion on a GaAs AlAs superlattice has been per- 
formed by Baba-Ali et aL [149]. They diffused sulphur 
into a GaAs-AIAs superlattice lbr a variety of condi- 
tions. They varied both the sulphur overpressure as 
well as the arsenic overpressnre and noted the effect on 
the superlattice layers. On several samples, which were 
diffused with moderate amounts of sulphur and 
arsenic in the ampoule, they noted that there was a 
brown surface layer. When this layer was analysed by 
photoelectron spectroscopy ii. was shown to contain 
predominantely aluminium and oxygen. However, 
there were significant amounts of sulphur contained in 
the layer. It is known that A12S3 reacts with water 
vapour to form A1203 and H2S. On brcaking thc 
ampotfles a pungent smell was detected and so it was 
concluded that when the ampoule was broken the 
layer was originally A12S 3 which reacted with water 
vapour in the atmosphere to form A1203. Moreover, 
the amount of intermixing was found to be signific- 
antly greater for samples with this coating. TEM 
photographs of these samples (Fig. 21) showed that, 
near the surface of the crystal, there was a band of 
tangled dislocation lines. It was proposed that these 
dislocation lines were associated with the relief of 
stress caused by solidification of the surface layer on 
quenching. The additional disordering was caused by 
the increase in defect population by these dislocation 
lines. 

Figure 21 Crom-section TEM micrograph showing the tangled 
dislocation lines observed ira S-diffused GaAs-A1As guperlattices 
[149]. Magnification x 20000. 

11. Implantation 
hnplantation of dopants has several advantages over 
straightforward diffusion. The first is the likelihood of 
industry using this technique to incorporate the dop- 
ant in a device structure and secondly, it is possible to 
implant species which would be difficult to diffuse. 
There is however a disadvantage of using implant 
dopants. During the implantation process a significant 
amount of damage occurs to the crystal which 
disturbs the defect concentrations, and so it is difficult 
to obtain data pertinent to the intermixing caused by 
the dopant only. 

As with the diffusion experiments the most studied 
system is the GaAs AlAs system. Moreover silicon, 
which has a very low vapour pressure, and is difficult 
to diffuse, has been the most popular dopant. In Table 
II the experiments so far performed on silicon-implan- 
ted GaAs have been summarized [150 178]. The dis- 
ordering of a GaAs AIGaAs superlattice was first 
observed by Coleman eta l .  [150]. After the implant, 
but before afiy thermal anneal, the layered structure of 
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T A B L E I I I A summary ~)f ion implantation-induced disordering of GaAs GaAIAs 

Ion Energy Dose TemPerature Comments Ref. 
(keY) (cm 2) (KI 

AI 390 10t,~ 1015 Both Kr, an inert atom and AI, a constituent atom, cause disordering [165] 
Kr 390 
S 390 

Be 60 8 x 
B 65 8x 
F 125 8x 
Si 200 8 x 
Ar 200 6 x 
As 200 3 x 

Be 80 5 x 
Mg 40 140 2 × 
Si 60 140 2 x 
Se t00 175 3 x 

Ga 210 5 × 

Si i00 2 × 
S I00 2 × 

AI 75/300 2 × 

10 ~3 

10 la 
1013 
10 tx 
10J~ 

10 t~ 
10 ~ 
10 za 
102~ 

1012 5 x l 0  ~ 

10 ~a 

1013-1 x 10 is 

R , r .  

R.T. 
R.T. 
R.T. 

R.T. 

77/R.T./210 
77/R.T. 

RT. 

Ga 344 1015 R T 
As 366 1015 R.T. 
Ge 355 10 j~ R.T. 
Si 150 1015 R.T. 

P 1N) 10 f~ 298/523 

Nc 380 2 x 10 a6 973 

Ga 210 5x 10 ~; R.T. 

As 35 5 x 1013-5 × 101~ 

A1 192 3 x 101"-i x 101~ R.T. 
Si 220/1000 

B lO t~ 3 X 101N 

F 

Ga 890 960 101~ 101~ R.T. 

Ar 150/250 4x10 ta 7×10 :¢ 77 

Ar 

Se 400 3× 10 ~ 7× 10 ~ 250 

Ar 390 2 x~01a-5x 10 TM R.T. 

Ga Various Various R.T. 
Zn 
Ar 
Mg 
Ne 
He 

O 2-500 1 x 1016 100 

A comparisnn of several dopants. Disordering efficiency Si > F > As 
> B > Ar > Be: Be does not cause disordering 

All showed signs of disordering except Be. Se the magi efficient. 

S was observed to cause only slight [nternlixmg, [f any. 

A1 causes disordering which is approximately 3 x greater 
than thermal annealing 

Comparative studies usirlg SIMS 

10 meV photoluminescence line shift achievable over annealed 
unimplanted 

Ibm totally disordered 

Maximum shift at 2 x l0 ta 

Voids are observed which prevent intermixing near the surface 

100 mcV photolumincscenca: shift, low-loss waveguides 

Principally concerned with material-dependent amorphization 

Ar sputtering and effects of different mask 

[166] 

L167J 

[168] 
[169] 

[17o] 

[17l] 

[172] 

[173] 
[174] 

[175] 
[176] 

[177] 

[, 78] 

El80] 
El~l] 
[182] 

D83] 
[lS4] 

U85] 

the  supc r l a t t i ce  r ema ined .  H o w e v e r ,  there  was a signi-  
f icant  a m o u n t  of  la t t ice  d a m a g e  caused  by the  im-  

p l a n t a t i o n  process .  F o l l o w i n g  a t h e r m a l  annea l ,  which  

was  p e r f o r m e d  wi th  a t e m p e r a t u r e  l o w e r  t h a n  the 

g r o w t h  t c m p c r a t u r c ,  d i s o r d e r i n g  of  the  super la t t i ce  
was  obse rved .  T h e  d i s o r d e r i n g  was  con f ined  to  a 

r e g i o n  in the  m i d d l e  of  the  super la t t i ce  f r o m  which  

C o l e m a n  er al. [150]  c o n c l u d e d  tha t  t he  p rocess  

was  c o n c e n t r a t i o n - d e p e n d e n t .  A la ter  s tudy  by 
F n k u n a g a  er al, [155]  c o n f i r m e d  t h a t  the p rocess  was  

c o n c e n t r a t i o n - d e p e n d e n t  ( the l a rger  the  dose ,  the 
l a rger  the  a m o u n t  of  d i sorder ing) .  H o w e v e r ,  if  the  dose  
b e c o m e s  t o o  h igh  the re  is c o n s i d e r a b l e  la t t ice  d a m a g e  

caused  by the  i n c o m i n g  ions.  Th i s  d a m a g e  l imi ts  the 
d i s o r d e r i n g  process .  A g a i n  they  o b s c r v c d  tha t  there  

was  no  i n t e r m i x i n g  in t he  sub-sur face  reg ion .  M o r e  
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recent ly ,  Cher t  et aL [176]  us ing  t r a n s m i s s i o n  e l ec t ron  

m i c r o s c o p y  h a v e  o b s e r v e d  vo ids  in the  sub-sur face  

layer  which  c o u l d  exp l a in  the i n h i b i t i o n  o f  t he  dis- 

o r d e r i n g  in the  sub-sur face  region.  It  is k n o w n  

f r o m  the  w o r k  of  s i l i con - induced  d i s o r d e r i n g  of  
G a A s  G a A I A s  super la t t i ces  t ha t  surface states p in  the  

F e r m i  ene rgy  so t h a t  its a p p r o x i m a t e  p o s i t i o n  is m i d -  

way  b e t w e e n  tllc c o n d u c t i o n  and va lence  bands.  Since  
the d i s o r d e r i n g  of  the  super la t t i ce  requi res  the F e r m i  

ene rgy  to  be  close to the c o n d u c t i o n  band ,  the effect of  

the sur face  s tates  is to  r educe  the i n t e r m i x i n g  c lose  
to  the  surfacc.  T h e  effect has  been o b s e r v e d  in Si- 
d o p e d  G a A s  A1GaAs  super la t t i ces  [ / 2 8 ] .  I f  the  effect 

o f  the  vo ids  is a lso to p in  t he  F e r m i  level  m i d w a y  

b c t w c c n  the  c o n d u c t i o n  b a n d  and  va lence  b a n d  one  
w o u l d  expec t  an  i n h i b i t i o n  of  the d i so rde r ing ,  Th is  is 



FA B [,E tV A summary of ion implantation-indue d disordering of systems other than GaAs GaAIAs 

System Ion Energy Dose Temperature Refi 
(keY) (cm ~) (K) 

lno,zGao.sAs45aAs N 75 10 ~* 2 × 101~ R_T, [188] 
Si 150 
Zn 250 

I%,: iGao.s~As-GaAs Si 150/'350 5 × 10 ~2 101~ R.T. [-189] 
GaAs~ Pl 7 G a p  Be 75 101 s [190] 
Ino.ssGa0 ,~TAs-lna,~2Al~.48As Si 200 5 × 101~ 5 x 10 ~4 [66] 
Irto.ssGao.¢vAs lno _qAle.~As O 125 5 x 101a-5 × 1014 R_T, [191] 

F 70 
Ino.s3Gao ~-TAs-ln~ ;2Al¢ ~s A~ O - 70/125 2 × 101'~ 5 x 10 la R.T. ['192] 

1: 70 
S 125 

InGaAs  l ap  H [193] 
InGaAs l ap  P 100 1014-101~ R.T./473 [194] 
I n G a A s - I n P  Si 200 3 x 104 5 x 10 I~ [195] 
I n G a A s - I n P  Ga 100 3 x 103 5 × 10 j"~ R.T. [196] 
InGaAs- l r tP  Ar 190 10 ~s 673 [197] 
InGaAs(Pk lnP  Ge 150-300 2 x 10:4-4 x 10 TM R.T. [198] 

S 301/ 5 x 1014 

not unreasonable, since voids are volumes inside the 
crystal which contain no atoms and so the interface 
between the crystal and the void could bc acting as a 
"surface". 

Table I I I  shows a summary  of the experiments 
which have been reported which used elements other 
than silicon. There have been two driving forces into 
the study of elements othcr than silicon. The first is to 
determine the relative contributions to the intermixing 
process of the collision-induced damage and thc dop- 
ant effect. The second comes from the desire to find an 
element which when implanted causes disordering but 
introduccs no tree carrier. An element having these 
types of characteristic would be very useful for the 
manufacture of optical waveguides. /t is interesting 
that beryllium does not cause an enhancement of the 
interdiffusion, whereas zinc, which is believed to dif- 
fuse in a similar way to Be, does [186]. This dis- 
crepancy is probably due to the difference in the 
amount  of damage causcd to the crystal by the im- 
plantation process. The lack of disordcring caused by 
implanted beryllium has been used in the manufacture 
of semiconductor lasers [187]. The degree of under- 
standing is significantly less in systems other than 
GaAs-GaAIAs  (scc Table IV). 

1 2. D iscuss ion  
The theory of Tan and G6sele for the interdiffusion of 
GaAs-GaA1As superlattides predicts, in general terms, 
what occurs in practice. However, the values of inter- 
diffusion coefficients derived from their cquations may 
be more than an order of magnitude out. There are 
several reasons which could account for this differ- 
ence. In most of the experiments to date photolumine- 
sceuce has been used to obtain an estimate for the 
interdiffnsion coefficient. This analysis invariably 
assumes that Fick's law holds and the diffusion coeffi- 
cient is independent of time and concentration. Early 
work of Chang and Korea [4] and Flcming et af. [5] 
clearly shows that the diffusion coefficient depends on 
the mole fraction of gallium. Moreover, latter studies 
[16, 199] have shown that the interdiffusion process is 

depth-dependent. When high As overpressure is used 
during the thermal anneal the surface concentration of 
V~, is above that in the bulk of the crystal and there is 
net diffusion of vacancies from the surface. Since the 
intrinsic diffusion mechanism is believed to occur by a 
simple substitutional mechanism which only involves 
the group l l I  sites, the interdiffusion coefficicnt will 
depend on the concentration of vacancies. The obser- 
vation of depth-dependent intermixing and the result- 
ing explanation given above will make the measured 
intcrdiffusion coefficient time-dependent. With this 
important  effect missing from the experimental ana- 
lysis one would expect discrepancies between the 
measured and predicted values for the interdiffusion 
coefficients. This leads on to the second explanation 
for the discrepancies. To obtain a mathematical  ex- 
pression for the interdiffusion coefficient Tan and 
G6sele fitted self-diffusion data, interdiffusion data 
and data derived from Si interdiffusion work. Tt, e 
justification is that if Ga diffusion was the limiting 
factor in the interdiffusion process. then one would 
expect the interdiffusion data and the self-diffusion 
data to agree [11]. They conclude that the fact that 
they obtain agreement between the self-diffusion data 
of Gotstein and some of the available intcrdiffusion 
data is support  for their conclusion. They later re- 
marked that the agreement they obtained between the 
self-diffusion and.the extrapolated interdiffusion coef- 
ficient was probably coincidental [12]. To obtain a 
priori information from the work of Mei 
et at. [10] one would need both the intrinsic inte> 
diffusion coefficient, and the intrinsic carrier conccn- 
tration at all the annealing temperatures. On the other 
hand if one assumes that the diffusion coefficient has 
the functional dcpcndence of 

D(n) = D(ni)  n~ 

then one can obtain an estimate for both m and the 
intrinsic interdiffusion coefficient as long as the in- 
trinsic carrier concentration is known. However, Tan 
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and GOsele [1!]  did not state how they derived the 
data t?om Met et al. [10]. The fit of the experimental 
results to their model may be sufficient for Tan and 
G6sele to draw general conclusions, but not accurate 
enough for the device engineer who wishes to model 
the interdiffusion process. The observation that the 
intermixing of GaAs GaAIAs superlattices depends 
on the crystal stoichiometry has extended our under- 
standing of the interdiffusion process. It can also 
account for some of the discrepancies between the 
simple Tan and G/Ssele model [1 i] and the observed 
interdiffusion values. It is important to realise 
that material systems other than the GaAs~GaA1As 
system will also have a dependancy on the crystal 
stoichiometry. 

The effect df strain is yet to be fully understood. The. 
system which has been analysed the most is the 
lnGaAs-GaAs system. From the limited results so far 
obtained [39-43] it appears that increasing the strain 
increases the intermixing. All the results have a similar 
activation energy apart from those of Gillian et at. 

(Fig. 7). The experiment of Gillian et al. [41] was 
conceived to minimize the error due to variation of the 
photoluminescence line due to variations across the 
substrate, and unfortunately they introduced another 
one. In their experiments the samples were repeatedly 
heated and analysed. The logic behind this was simple. 
The evolution of the shift with time could be moni- 
tored and compared with that of the theory, and if the 
two agreed then one should have a good estimate of 
the interdiffusion coefficient. Unfortunately they over- 
looked the errors associated with the warming up and 
cooling down of the sample. The  activation energy of 
their results should be higher than that of the other 
workers. Returning to the general comparison of the 
current work on InGaAs GaAs, one possible explana- 
tion of the observed increase of the interdiffusion 
coefficient with strain is that the samples with the 
highest strain have the largest dislocation density, 
which means they will have the largest point defect 
sources, resulting in a larger interdiffusion coefficient. 

For the tnGaAs-lnA1As system, there have been 
reports of In diffusing from the barriers into the wells 
even though the molar concentrations in the well and 
barrier are approximately the same. One possible 
explanation is the effect of residual strain. I should like 
to advance an additional explanation. There could be 
a difference in the chemical potential between the 
InGaAs and the InAlAs which would result in diffu- 
sion of the In even though there is little or no concen- 
tration gradient. This difference in chemical potential 
could arise from differences in the heat of formation. A 
similar explanation has been advanced to explain the 
effect of diffusiu.g zinc into InGaAs- lnP [84]. 

There has been much discussion of the two conten- 
ders for the way in which zinc moves on to the 
substitutional lattice site. Scverat groups [200, 201] 
have attempted to distinguish between the two 
methods and have concluded that the two are indis- 
tinguishable. In reality the two are probably occurring 
in parallel. If one has a significant number of VGa then 
the zinc in all probability moves on to the lattice site 
via the dissociative mechanism, and if there is a short- 
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age of the Vc, then the kick-out mechanism prevails, 
This is supported by Pavesi eral.  [202] who diffused 
zinc into an n-doped substrate and observed in their 
photoluminescence spectra an emission they assigned 
to Zn VG~. If should be stressed that the dissociative 
mechanism requires the generation of Frenkel pairs to 
explain the intermixing process. The interdiffusion of 
GaAs-A1As is believed to occur via the group III 
interstitials generated by the kick-out processes or the 
Frenkel pair production associated with the dissocia- 
tive mechanism. The charge state of these interstitials 
is still open to question. The most favoured, at the 
moment, is a charge state of + 2. 

Zn diffusion in InGaAs lnP is very interes.ting and 
clearly indicates that diffusion processes are not 
simple, nor are thcy equilibrium ones. Moreover, it 
also demonstrates the need for phase diagrams. In this 
system, the zinc not only diffuses and disorders the 
[nGnAs InP but reacts chemically with it to form 
Zn3P 2 Zn3As 2 [82 84]. Tuck and Hooper / '85]  had 
previously observed this elt~ct in Zn-diffused InP and 
could explain their results with the aid of the Z n - I n - P  
phase diagram. 

The fundamental cause of the enhancement of the 
interdiffusion in the n-doped superlattiees is believed 
to be the Fermi-level effect suggested by Tan a n d  
G6sele [11]. There is, however, considerable debate 
over the exact way in which the Fermi level affects the 
intermixing. At first Tan and G6sele postulated that 
the intermixing process was governed by charged 
group III vacancies. The concentration of these vacan- 
cies would be drastically increased when the Fermi 
level approached the conduction band. This theory 
would be universal to all n-type dopants. A blow to 
this simple theory came with measurement of the 
interdiffusion of a GaAs-A1As superlatticc as a func- 
tion of tellurium doping. The interdiffusion of the 
superlattice varied linearly with tellurium doping, 
which is in contrast to the case of silicon-doped 
superlattices where the interdiffusion coefficient varied 
as the cube of the doping concentration. To account 
for this difference it has been postulated that not all 
the tellurium is electrically active [20]. There is still a 
significant amount of work to be done on the n-doped 
superlattice. At the moment there is an over-reliance 
on one series of excellent experiments performed by 
Met e ta l .  [10, 1233. It is to this series of experimcnts 
that all other experiments are compared. Yet it is good 
experimental technique only to place this level trust in 
results which have been independently confirmed by 
other groups, preferably using a slightly different tech- 
nique. There is therefore an urgent need to repeat the 
systematic work of Met e t a l .  and to extend the 
systematic studies to other dopants. This wilt provide 
the best test for the theory of Tan and G6sele I l l ]  
which should be valid for all n-type dopants. In 
addition similar systematic experiments should be 
extended to other material compounds. In the 
tnGaAs lnP system, there is an addition complication 
of different group l lI  and group V elements. More- 
ovcr, in this system, very little is known about the 
diffusion of silicon or any n-type dopant in these 
compounds. The effect of doping GaAs GaAsSb with 



silicon is very interesting. The interdiffusion of the 
layers reduces. This effect could also be explained by 
the use of the Fermi-level effect if the group V vacancy 
is positively charged. An increase in the Fermi levcl 
would decrease the concentration of charge vacancies; 
this in turn would lead to a reduction in the inter- 
diffusion rate. 

A similar effect should also be observed in 
]nGaAs InP but this may be difficult to observe, since 
it will be impossible to isolate the interdiffusion on 
each of the sublattiees since they are coupled through 
the action strain. 

1 3 .  C o n c l u s i o n s  
The interdiffusion of tlI V semiconductors has been 
discussed in the context of current diffusion theories 
and provides an insight into the subject. There is still 
much work to be performed before the subject is fully 
understood. The technological advances in devices 
(see for example 1-203-208]) has advanced much 
quicker than the understanding of the underlying 
physical phenomenon. This is to be expected when 
one considers the economical pressure for a mar- 
ketable device to pay for the research. I would ascer- 
tain that the time has come for a systematic detailed 
study into the effect rather than the present scattered 
approach currently being pursued by most if not all 
the workers in the field. The founding systematic work 
of Mei et al. needs to be repeated to confirm their 
results and the studies extended to cover other 
dopants and material systems. 
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